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ABSTRACT 


Following the addition of a polyanion, rheological and zeta-potential measure- 
ments were made on a kaolinite suspension, The increase in yield stress of a hydrogen 
clay suspension at low concentration of polyanion is interpreted as being due to 
interparticle linkage by the polyanion. The decrease in yield stress of a sodium clay 
suspension at all concentrations of the polyanion is regarded as being due to neu- 
tralization of the positive edge charges by polyanion adsorption. 


INTRODUCTION 


Although flocs of clay particles may be stabilized by polyanions, never- 
theless these same polyanions may under different conditions result in the 
formation of a stabilized deflocculated suspension, and it is possible to relate 
the rheological behavior of a kaolinite suspension to zeta-potential measure- 
ments (1). It is possible to describe the flocculation in terms of rheological 
behavior. 


Rheological Measurements 


It is customary to describe the rheology of kaolinite suspensions in terms 
of yield stress and plastic viscosity, the yield stress being a measure of the 
“residual flocculation” (2) and the plastic viscosity presumably being a 
measure of the shape and volume concentration of the flow units. 

Even if a true statically measurable yield stress cannot be determined, 
it is usually possible to describe the flow behavior in terms of the dynami- 
cally measured yield. For dilute suspensions of kaolinite particles it is pos- 
sible that the flow curve is continuous to zero rate of shear, and that the 
behavior of suspensions at increasing rates of shear can be described in 
terms of 79 and nw (1, 3). Thus increased yield stress may be caused by the 
breaking of links between particles during shear, as has been shown ex- 
perimentally (4), or it may be caused by increased stretching and orienta- 
tion of chainlike floccules (5). In either case the yield stress, i.e., the inter- 
cept on the stress axis of the extension of the straight portion of the curve 
produced by a plot of rate of shear against shearing stress, is a useful param- 
eter to describe interparticulate forces. 
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Zeta-Potentials 


The measurement of zeta-potentials of kaolinite particles has been dis- 
cussed by Street and Buchanan (6), who have shown that, at the particle 
size and ionic concentrations used in this work, it is possible to calculate 
zeta from measured electrophoretic mobilities without appreciable error. 
It has also been shown (7) that the surface conductance correction would 
be negligible. 

The zeta-potentials given here for both the hydrogen and the sodium 
clays at zero polyanion concentration are calculated from mobilities and 
corrected for the relaxation effect by the method of Stigter and Mysels 
(8). The values given for either hydrogen or sodium clay plus polyanion 
are calculated from electrophoretic mobilities by the Helmholtz- 
Smoluchowski equation. 

This is justified on the following grounds. The value of a for these parti- 
cles is 0.15 X 10-4 cm. (9), and it has been shown (6) that xa is of the order 
of 10 even with slight excess of sodium hydroxide past the equivalence 
point; thus the relaxation effect would tend to give an acceleration to the 
electrophoretic mobility such as to approach the H-S equation even for 
1:1 electrolytes (5). Also, the presence of a polyanion in solution will 
further increase the acceleration such that the H-S equation will be obeyed 
at even lower xa, the effect of multivalent anions on the velocity of nega- 
tively charged particles being to produce an acceleration at lower value of 
xa, the higher the anion valency. It is also likely that the actual value of 
x will be much greater than that calculated from the known ionic concen- 
tration as the result of two effects, (1) the polyanion will change the ionic 
strength to some value intermediate between that calculated as if it behaved 
as a multivalent small ion of equal charge, and that calculated as if its 
charges behaved independently of each other (10), and (2) as stated by 
Cutler and Cook (11) “The concentration of negatively charged clay 
particles produced in water suspensions by dissociation of cations controls 
the ionic strength of the suspension even in salt solutions up to 0.01 molar.” 


EXPERIMENTAL 
Preparation of Suspension 

The kaolinite used was obtained from Egerton, Victoria, Australia (12), 
and an analysis of the untreated material is given in Table I. 

X-ray diffraction data and an electron micrograph, both carried out by 
the Commonwealth Scientific and Industrial Research Organization, 
Melbourne, indicate that this material contains no other clay mineral. 

After deflocculation with sodium carbonate it was separated by repeated 
settling into a relatively narrow range of particle sizes. The fraction used 
in this study was filtered on a large Biichner funnel and treated with 1 % 
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TABLE I 
Analysis of Egerton Kaolinite 
Al2.O3 39.27 
SiO: 45.41 
Fe.0; 0.49 
TiO: 0.35 
CaO Ona 
MgO Trace 
K;0 0.35 
Na.O 0.33 
H.O 13.68 


100.25 


(clay basis) of 30% hydrogen peroxide for removal of organic matter (13). 
After one week of this treatment the clay was again dispersed (with sodium 
hydroxide) and washed by centrifugation until electrolyte free. It was then 
converted to the hydrogen form by repeated leaching with 0.05 N hydro- 
chloric acid, and washed with doubly distilled water (second distillation 
from alkaline permanganate) until the filtrate conductivity was of the order 
of 0.56 X 107° mho. 

A stock suspension of high specific gravity hydrogen clay was stored in 
Jena-glass flasks. This fraction had a surface area, determined by the 
B.E.T. method (N» at liquid air temperature), of 176,000 cm.? per gram. 

Sodium kaolinite was formed by the addition of the exchange capacity, 
i.e., 6 meq./100 gm. (6), of sodium hydroxide to the hydrogen clay suspension 
followed by extensive washing to a filtrate conductivity of the order of 
1.5) 62107" mho. 

A stock solution of the polyanion was prepared and addition of aliquots 
of it to obtain the correct concentration, plus water to give a suspension 
specific gravity of 1.03, were made to the high 8.G. kaolinite suspension. 
These suspension samples were stored in Pyrex stoppered flasks for 24 
hours, with intermittent shaking, before measurements of viscosity and 
zeta-potential were made. 


Rheological Measurements 


All rheological measurements were carried out on 1.03 S.G. suspensions 
in a concentric cylinder viscometer so constructed that the speed of the 
outer cylinder (cup) was continuously variable and the torque on the inner 
suspended cylinder (bob) could be measured (1, 9). The dimensions of the 
cup and bob were: 

Diameter of bob = 39.6 mm. 
Diameter of cup = 43.8 mm. 
Height of bob = 44.7 mm. 
Height of cup = 82.2 mm. 
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This instrument had been calibrated (9) so that absolute values of the 
rheological constants could be measured on it. The cup and bob were im- 
mersed in a bath through which water was circulated from a thermostat; 
measurements were conducted at 25°C. 

From a plot of torque against rotational speed (at least six points) the 
plastic viscosity of a slurry could be calculated from the slope of the graph, 
and the yield stress from the intercept on the torque axis. 


Zeta-Potential Measurements 


The micro-electrophoresis cell used was all-Pyrex and of cylindrical cross 
section (radius = 1.08 mm.); dark field illumination was used. The cell 
was carefully calibrated for apparent cell length and location of correct 
stationary level, due notice being taken of the optical corrections necessary 
in focusing (6, 9). 

After viscosity determination each sample was centrifuged and a volume 
of the original suspension sufficient to give a volume concentration of 0.01 % 
added to the filtrate. The electrophoretic mobility was determined on these 
diluted suspensions, and the motion of at least 10 particles in each direc- 
tion past a calibrated eyepiece scale was timed with a stop-watch. The 
magnification used was 70 and the scale divisions were 7.6 microns. 


Polyanion 


The polyanion used was obtained from Monsanto Chemicals (Aust.) Ltd., 
Braybrook, Victoria, and was described as the sodium salt of a partially 
hydrolyzed acrylonitrile. A stock solution of it was made up for addition 
to the clay suspensions. 


Conductivity 


Conductivity measurements were carried out at 25°C. using a normal 
Wheatstone bridge net and an oscillator providing 1000 cycles per second. 


RESULTS 


An indication of the amount of polyanion adsorbed may be gained from 
the surface conductivity of the clay particles when present in solutions of 
the polyanion. The surface conductivity (A,) of these particles was cal- 
culated from a determination of the conductivity of the suspension (K) 
and its filtrate (K,); then, as shown elsewhere (7) 


$ 
Nhe hay 
(FK — K,) oe 
where ¢ = volume fraction of liquid, S, = surface area of solid per milli- 


liter of suspension, and F' = a factor dependent on the volume concentra- 
tion and geometry of the suspended particles. 
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Fig. 1. Surface conductance of a kaolinite suspension with added polyanion (% per 
weight of clay). 
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FIGURE 2 
Fic. 2. Yield stress of hydrogen and sodium kaolinite suspensions with added 
polyanion (% per weight of clay). 
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Fig. 3. Zeta-potential of hydrogen and sodium kaolinite particles with added 
polyanion (% per weight of clay). 
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Fig. 4. Yield stress and plastic viscosity of hydrogen kaolinite suspensions plus 0.2% 
polyanion against time of shear at 472 sec—}. 
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Figure 1 shows the surface conductivity values obtained for the sodium 
kaolinite plus polyanion. 

Figure 2 gives the yield stress results for both the hedeieeh aid fre 
sodium kaolinite; whereas the hydrogen clay yield at first increases, goes 
through a echt and then decreases to a relatively constant value, 
that of the sodium clay falls rapidly to a relatively constant value. 

Figure 3 shows that although the hydrogen clay starts from.an initially 
much lower zeta-potential than the sodium clay, nevertheless they both 
reach approximate constancy at higher polyanion concentration. Tests 
carried out using silica particles showed that these too gave get Toren vals 
of about 100 mv. at a concentration of 0.2% polyanion. 

Figure 4 is a plot of both yield stress and plastic viscosity Tena time 
of shear in the viscometer at 472 sec.—! for a hydrogen kaolinite suspension 
containing 0.2% polyanion. 


DIscussION 


The rheological behavior of hydrogen kaolinite suspensions can be ade- 
quately described (1) in terms of edge to face (bipolar) flocculation at low 
pH due to association of negative face and positive edge charges; complete 
deflocculation at higher pH; and lamellar (face-to-face, or “‘salt’’) floccula- 
tion at high ionic strength. At intermediate values of pH the gradual 
replacement of the hydrogen ions by alkali ions during titration causes the 
negative charges of the 001 faces to increase (6), whilst the positive charge 
of the edges remains constant. The observed effect on the zeta-potential 
in this range is an increase. 

As a consequence of the continued existence of the positive ded? edge- 
to-face flocculation still persists; however, the repulsion between neigh- 
boring 001 faces causes the floccule to assume an extended-chain configura- 
tion a behavior similar to that of the polyelectrolytes. This causes an 
increase in the apparent viscosity and thus of the yield stress. 

At a pH of the order of 7 (14) the positive edge charges are neutralized 
and change in character from positive to negative, the cessation of edge-to- 
face attraction, and the increased repulsion between the particles now 
causes complete deflocculation and decreased anomalous viscosity or yield 

stress. Neutralization of the positive charges is also possible by adsorption 
of multivalent anions without increase in pH (15, 6). 

In Fig. 2 sodium kaolinite at zero polyanion concentration shows the 
behavior to be expected from an alkali clay at pH <7 ie. a sodium 
kaolinite at this pH is flocculated by edge-to-face attraction (14) but 
possesses an extended-chain configuration and it requires either an increase 
in pH, or adsorption of a multivalent anion, to neutralize the positive edge 
charges and cause deflocculation. Thus increasing polyanion concentration, 
and presumably therefore increasing adsorption of the polyanion, effectively 
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decreases the yield stress as shown in Fig. 2. The zeta-potential shows an 
increase as the positive charges are neutralized (Fig. 3). oe 

Hydrogen kaolinite at zero polyanion concentration with its low zeta- 
potential (Fig. 3) will be agglomerated by both bipolar and lamellar floc- 
culation, and consequently will exhibit an intermediate yield value. As 
shown in Fig. 2 increasing concentration of polyanion causes at first an 
increase and then a decrease in yield stress of the hydrogen clay; at the 
same time the zeta-potential increases to a value equal to that exhibited by 
the sodium clay. ‘ies 

It is possible to explain these observed facts as follows. The polyanion is 
adsorbed on the exposed positive edges and neutralizes them; this causes the 
increase in negative zeta-potential. However, in this early stage the 001 
faces retain their low negative charge, and thus lamellar flocculation re- 
mains, although the bipolar flocculation is weakened owing to the reduction 
of the positive edge charge. Also following Ruehrwein and Ward (16) one 
can conceive that in this early stage the long polyanion chains bridge the 
clay particles at their points of contact and, by increasing the energy neces- 
sary to separate them, increase the anomalous viscosity or yield stress. The 
sodium clay because it is present in the suspension in extended-chain con- 
figuration does not present the same opportunity for interparticle bridging 
as does the hydrogen clay which is present in the suspension as floccules 
associated closely face to face and edge to face. 

It is interesting to note that Riseman and Harper (17) have shown that 
the yield stress of carbon black suspensions may increase owing to structure 
reinforcement caused by the binding of carbon particles by adsorbed 
polymer. 

Increasing the polyanion concentration increases its adsorption on the 
clay particles, this adsorption being in part at least on the 001 faces; this 
generally increased negative charge causes some deflocculation and de- 
crease of the yield stress. This increase of the face charge will not cause the 
floccules to form an extended chain in this case since the positive edges 
have already been neutralized and edge-to-face attraction no longer exists. 

The curves in Fig. 4 show the results of shearing, a hydrogen clay sus- 
pension, containing 0.2% of the polyanion at the maximum rate of shear 
available on the viscometer used, for extended periods. The yield value and 
plastic viscosity values were calculated from downcurves run at intervals 
throughout this shearing. An infinity reading taken after 15 minutes shear- 
ing in a vitamiser showed zero yield stress. 

These curves indicate that an originally flocculated clay gradually be- 
comes deflocculated (giving decreased yield stress) as it is progressively 
sheared. This suggests that as links between the particles are broken the 
freshly exposed faces can immediately adsorb polyanion and acquire a 
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negative charge which prevents reagglomeration of the now smaller 
particles. 


The plastic viscosity reflects this behavior to a more limited extent. It 


decreases steadily to a low value; this is probably due to a reduction in the 
volume concentration of the suspended particles brought about by the 
release of trapped water on deflocculation. 


—_ 
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INTRODUCTION 


Soap solutions under proper conditions form plastic surfaces even though 
the viscosity of the bulk liquid is essentially that of pure water. These 
surfaces have a finite yield value and their viscosity is a function of the 
rate of shear. This surface plasticity may manifest itself in many ways. 
Surface plastic foams drain more slowly than those which are nonplastic 
and maintain a “creamy” appearance for a longer time. Another manifesta- 
tion is that a bubble floating on a plastic solution surface does not move 
freely when disturbed. A more quantitative measurement of surface 
plasticity can be made by the oscillating disk method. If a disk is allowed 
to oscillate in the plastic surface, a plot of the logarithm of the amplitude 
versus the number of swings will not yield a straight line but instead exhibits 
a distinct curvature. This is a consequence of the fact that the apparent 
viscosity increases as the rate of shear decreases. 

It has been found that plastic solution surfaces are temperature-sensitive, 
and there is a sharp transition from a plastic surface to a nonplastic surface 
as the temperature is increased. Recent work (3) by one of us with sodium 
myristate solutions showed that the temperature for the transition from a 
plastic to a nonplastic surface is a function of concentration. Furthermore, 
it was suggested that the plasticity is due to the presence of acid soap, 
since plastic surfaces became nonplastic when the pH was increased. The 
purpose of this research was to measure the transition temperature as a 
function of concentration for sodium laurate, sodium myristate, sodium 
palmitate, and sodium stearate. The effect of pH on surface plasticity was 
more fully investigated and experiments were conducted to ascertain the 
effect of various additives on surface plasticity. 


1 This investigation is a joint undertaking of The Pennsylvania State University 
Mineral Industries Experiment Station and the Office of Naval Research. 
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EXPERIMENTAL 
Materials 


The sodium laurate, sodium myristate, and sodium palmitate were 
prepared from the corresponding methyl] ester (obtained from Distillation 
Products Industries, Rochester 3, New York) which was hydrogenated and 
repeatedly fractionally distilled through a 4- foot packed column at. 20 
mm. Hg pressure. The middle fraction was saponified with analytical 
reagent NaOH and the acid reformed by boiling with hydrochloric. acid. 
The acid was recrystallized several times from acetone, dissolved in 
alcohol, and then neutralized with a carbonate-free solution of the NaOH 
to the phenolphthalein end point. The sodium stearate was. prepared from 
Eastman White Label methyl] stearate in the same manner, except that 
the distillations were conducted in a 2-foot column. The potassium laurate 
was made from the purified lauric acid by neutralizing with. a carbonate- 
free solution of analytical reagent KOH. The melting points. of the purified 
methyl esters and acids are shown in Table I. 

The pH of the soap solutions are given in Table II and compared. ene 
those obtained by other investigators. 

These results indicate that the samples employed i in this research were 
reasonably pure. This is important since, as will be shown later, the surface 
plasticity of soap solutions is markedly influenced by the presence of 
impurities and pH. 


TABLE I 


Melting Points of Fatty Acids and Their Methyl Esters 
Methyl ester Literature Acid Literature 
m.-p., “C. (6) m.p. °C. (6) 
Laurate 4.6- 4.9 65°C, 43 .4-43.8 43°.5°C. 
Myristate 19.0-19.5 19°C. 53 .8-54.0 54.4°C. 
Palmitate — 29°C. 61.0-61.9 629°C. 


Stearate 37 .2-37 8 38°C. 68 .0-68 . 4 69.6°C. 


TABLE II 
pH of Soap Solutions 


Material Normality sremsneraente, pH Literature 
Sodium laurate 0.01 25 8.1 8.2 (4) at 20°C. 
7.9 (9) 
Potassium laurate 0.01 25 8.2 8.1 (9) 
Sodium myristate 0.001 25 8.08 8.1 (9) 
Sodium palmitate 0.0001 50 dea vii) 
Sodium stearate 0.0001 50 7.6 7.5 (9) 
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Apparatus 


The oscillating disk method (10) was used to determine surface plasticity. 
Essentially, this apparatus consisted of a disk which oscillated on the 
surface of the liquid being tested. A stem was attached to the disk and 
weights were added to the top as shown in Fig. 1. The weight disk was 
marked on its circumference in arbitrary units so that the angle of rotation 
could be observed with the aid of a cathetometer telescope. The oscillating 
disk was hollowed out underneath as shown in Fig. 1, so that the viscous 
forces damping the oscillations were minimized. A small hole was drilled 
up through the disk and another into the stem to allow pressure equalization 
under the disk. The stem was long enough to allow the disk to oscillate on 
the surface of the liquid being tested while the weight disk was outside of 
the surrounding bath. The weight and wire combination was chosen to 
give a period about 6 seconds. 

The disk was supported on a No. 30 Nichrome wire about 30 inches long 
which was threaded through a horizontally mounted du Noiiy tensiometer 
head. This head allowed the disk to be set into oscillation without any 
lateral motions. The tensiometer head was fastened to a vertical slide 


TO ou NOUY HEAD 
FOR STARTING OSCILLATIONS 


Ze 
CZZZ ZIM EEL 
HOLLOWED 


z 
4 
4 
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Fig. 1. Oscillating disk. The disk was oscillated with the bottom cylindrical edge just 
touching the liquid surface. 
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which was raised and lowered by a screw adjustment device clamped to a 
ring stand. This allowed the head to be raised and lowered about 1 inch 
for final adjustment at the liquid surface. 

The solutions to be tested were placed in a 20 X 100 mm. Petri culture 
dish supported in an insulated water bath. The bath was a copper cylinder 
6 inches in diameter and 2}4 inches deep. It was supplied with an inlet 
and an outlet tube for the circulation of water at the proper temperature. 
A snugly fitting Lucite cover was made for the bath. A hole was drilled in 
the center for the disk stem and the cover was split so that the disk could 
be readily removed. The bath was continually flushed with a slow stream 
of carbon dioxide free air. The temperature was maintained by with- 
drawing the water in the bath into a large constant-temperature reservoir 
and returning the water to the bath. The temperature was measured with 
a precision thermometer. 


RESULTS 


The transition temperature as a function of the concentration for the 
sodium salts of lauric, myristic, palmitic, and stearic acids are shown in 
Fig. 2. These curves for the soaps other than sodium laurate show a very 
rapid rise to a maximum and then a rather slow drop to a transition 
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Fria. 2. Transition temperatures in °C. as a function of concentration for various 
sodium soaps. 
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temperature which remains nearly constant as the concentration is further 
increased. In the case of the stearate this temperature is about 65°C., in 
the case of the palmitate, 55°C., while that for the myristate is below 
35°C. The peak in the curve becomes sharper for the higher molecular 
weight homologues and becomes less pronounced for the lower ones. 

The transition temperatures of 0.01 N sodium laurate were obtained as 
a function of the pH and the results are plotted in Fig. 3. These results 
show that suppression of hydrolysis brought about by an increase in pH 
decreases the transition temperature. These results suggest that the 
plasticity may be attributed to hydrolysis products. This conclusion is 
supported by results previously obtained with sodium myristate (3) which 
showed that a plastic surface could be converted to a nonplastic one by 
the addition of sodium hydroxide. 

The transition temperature versus concentration curve for sodium 


| 


20 


TEMPERATURE — °C 
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7.6 7.8 8.0 8.2 6.4 
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Fic. 3. Transition temperature of 0.01 N sodium laurate solution as a function of pH. 
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myristate determined previously (3) is compared with the present results 
in Fig. 4. These results were obtained with two different samples of sodium 
myristate and the earlier results were obtained with an oscillating disk 
rather than a cylinder. The present sample had a pH of 8.08 for a 0.001: NV 
solution while the sample previously used had a pH of 8.0. The concen- 
tration which yields the maximum transition temperature agrees between 
the two sets of data, although the present work indicates somewhat lower 
values for the transition temperatures. This difference may well be due to 
the slightly higher pH of the sample prepared for this research. 

Other investigators (1) have reported that a 0.01 N solution of potassium 
laurate prepared from commercial lauric acid was surface plastic. The fact 
that sodium laurate was reported to be nonplastic at 20°C. by one of us 
(2) led them to suggest that the oscillating disk method was not sensitive 
enough to determine surface plasticities of this order of magnitude. Oscil- 
lating disk experiments conducted in this laboratory with a 0.01 N solution 
of potassium laurate (pH = 8.2) indicated that the solution was not 
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Frc. 4. Comparison of present results for sodium myristate with those obtained 


previously. 
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plastic at 0°C. However, when sodium laurate containing 1% sodium 
palmitate as an impurity was employed to prepare a 0.01 NV solution, a 
marked surface plasticity was observed at room temperature. As shown in 
Fig. 5 the transition temperature for this impure solution was 32.2°C. 
These results show the very marked effect that a relatively small amount 
of an impurity can have on the surface plasticity of sodium laurate solutions 
and indicate that the transition temperatures reported in this investigation 
should be interpreted as being maximums. They also suggest that the 
surface plasticity of potassium laurate solutions observed by other investi- 
gators was due to the presence of higher molecular weight soaps. 

Since soap solutions react with carbon dioxide in the atmosphere to form 
acid soap, they become plastic on standing in air which has not been 
treated to remove carbon dioxide. To show this effect, a 0.01 N sodium 
laurate solution was allowed to stand open to the air for 80 minutes. The 
results shown in Fig. 6 indicate that this solution developed a marked 
surface plasticity. 


AMPLITUDE ( ARBITRARY UNITS) 


0 8 16 24 32 40 48 
NUMBER OF SWINGS 
Fra. 5. Surface plasticity of 0.01 N sodium laurate containing 1.0% sodium palmitate 
as an impurity. 
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AMPLITUDE (ARBITRARY UNITS) 


SAME SOLUTION AFTER BEING IN 
CONTACT WITH AIR FOR 80 MINUTES 


0 8 16 24 32 40 48 56 
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Fig. 6. Surface plasticity of 0.01 N sodium laurate in contact with air containing 
carbon dioxide. 


TABLE III 
Critical Micelle Concentrations 


Maximum Normal conc. 


temperature, at maximum CMC at 
°C. temp. this temp. Observer 
Sodium laurate 16.0 0.01 0.026 8 
Sodium myristate 44.7 0.0025 0.0074 a 
Sodium palmitate 62.0 0.00125 0 .0027-34 5 
Sodium stearate 73.4 0.00050 0.0015-17 This laboratory 
TABLE IV 
Summary 
@hange in System Effect on system properties 
1. Increase in temperature Transition from plastic to nonplastic at transition 
temperature. 


2. Increase in concentration Transition temperature rises rapidly to a maximum, 
then decreases. 


3. Increase in pH Transition temperature is lowered and plasticity 
may even disappear. 
4. Addition of higher homo- Transition temperature is raised. 
logues 
5. Addition of CO2 by stand- Transition temperature is raised. 
ing in air 
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DISCUSSION 


It was found that the maximum in the transition temperature versus 
concentration curve occurred at concentrations which were always well 
below the so-called critical micelle concentration for this temperature. The 
concentrations at these maxima and the CMC’s reported by various 
investigators are shown in Table III. 

No reliable data for sodium stearate were readily available so an approxi- 
mate value of the CMC was determined by the pinacyanole dye method at 
foe 

The results obtained in this research are summarized in Table IV. 

These results show that under the proper conditions of concentration, 
pH, and temperature the hydrolysis products of the sodium soaps of lauric, 
myristic, palmitic, and stearic acids form plastic surfaces, although the 
bulk liquid has a viscosity essentially that of pure water. Because the 
plastic surfaces may be eliminated by raising the pH it is probable that the 
hydrolysis products are responsible for this behavior. 
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INTRODUCTION 


It has been shown by Kuhn (1) and Katchalsky (2) that the microscopic 
expansion and contraction of a linear polyelectrolyte could be reproduced 
on a macroscopic scale on cross-linked compounds. The expansion-contrac- 
tion of such systems has been termed a ‘‘mechanochemical”’ property, 
since in these cases the chemical energy is converted directly into mechani- 
cal energy and the process remarkably simulates muscular contraction. 

The underlying mechanism of such mechanochemical behavior rests on 
the fact that because of mutual repulsion between similarly charged groups 
a coiled up molecule unfolds and expands. The extent of expansion depends 
on the intensity of repulsive force, i.e., on the charge density as well as the 
distance separating the charged groups along the chain. It may be argued 
that interchain cross linkings in Kuhn and Katchalsky’s polymer had no 
other function but to make the system insoluble in water and were in no 
way responsible for the expansion-contraction of the system. It follows 
therefore that a chain molecule, if it be insoluble in water and if it contains 
dissociable groups along the chain, will manifest a mechanochemical 
property. 

With this end in view the mechanochemical behavior of a sample of 
polymethyl acrylate of average degree of polymerization of 16,310 hy- 
drolyzed to the extent of 33 % has been studied; the results are reported in 
the present communication. It may be mentioned that the technique 
utilized in the present case has also been used by other workers in the 
study of physical changes in insoluble molecular aggregates (3). 


EXPERIMENTAL 
Preparation of Polymer Sample 


The polymethyl] acrylate was prepared by polymerizing methyl acrylate 
with benzoylperoxide at 80°C. The polymer was dissolved in benzene and 
precipitated with alcohol. The average degree of polymerization as deter- 
mined viscometrically at 30°C. (—0.1) was 16,310. The polymer was 
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dissolved in acetone and alkali necessary to half hydrolyze the product was 
added and the system shaken in a mechanical shaker at room temperature 
(29°C.). After about 114 hours a thick gelatinous precipitate appeared, 
when the whole was poured into water with rapid stirring. The alkali was 
neutralized with hydrochloric acid when the polymer was obtained in a 
granular form. It was dialyzed free of electrolyte and dried. The polymer 
was completely insoluble in normal alkali; its equivalent weight was de- 
termined by adding 0.2 N alkali and back titrating the excess alkali both 
directly and electrometrically. The equivalent weight thus determined was 
268.4, indicating an extent of hydrolysis of about 33 %. The dried partially 
hydrolyzed polymer was dissolved (or dispersed) in acetone containing 
20% water and poured on a clean mercury surface to allow the solvent 


200 


100 


Fia. 1. Expansion-contraction of polyacrylic acid film. 
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to evaporate. The film thus obtained was heated on a water bath to get a 
dry and continuous film of polymer. 


Expansion with Extent of Neutralization 


A thin strip of polymer film (2 cm. X 1 cm. X 0.1 cm.) was suspended 
in water and allowed to swell for about 2 hours. A small weight (about 
0.05 g.) was attached to the end of the film to keep it stretched under 
water. Over a period of more than 8 hours the attached weight did not cause 
any elongation of the film. The length of the film was measured by means of 
a cathetometer to +0.01 cm. The calculated amount of alkali necessary 
to neutralize the polymer to different extent was added to the water and 
the length of the film measured after the attainment of equilibrium. Prac- 
tically the whole of the alkali was taken up by the film in about 2 to 3 hours 
at the early stage and in about half an hour in the latter stage. The film 
underwent more than 200% elongation on complete neutralization. The 
operation is illustrated graphically in Curve I, Fig. 1. When the neutralized 
film was placed in 0.1 N hydrochloric acid it underwent violent contraction 
and on washing free of electrolytes the original length was regained, showing 
thereby that the expansion-contraction was completely reversible. 


Expansion-Contraction in Presence of Neutral Electrolyte 


When completely neutralized polymer film was dipped in water and the 
sodium chloride concentration was increased in water, the film gradually 
contracted as shown in Curve II, Fig. 1. The curve could be retraced by 
gradually lowering the concentration of sodium chloride by dilution. 


LIGHT GLASS ROD 


ALUMINUM PAN 


WATER 


HEAVY WEIGHT 


Fria. 2. Experimental setup for studying contractile work cycle. 
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‘A Mechanochemical Carnot Engine 


A direct consequence of the existence of mechanochemical property is 
the possibility of constructing a mechanochemical Carnot engine. In order 
to follow the cycle the following experimental setup was used which is shown 
schematically in Fig. 2. A thin strip of film (2 X 1 X 0.1 cm.) was made 
out of the sodium salt of the partially hydrolyzed polymer. The film was 
dipped in water, the lower end being fixed to a heavy weight resting at the 
bottom of the container of water. The upper end was attached by means 
of a fine thread to one arm of a balance made out of a light.and thin glass 
rod. From the other arm of the balance was suspended a light pan of alumi- 
num on which weights could be placed. The whole system was kept inside 
a glass case in order to eliminate any disturbance due to air blast. The sys- 
tem was so adjusted as to keep the film under water in a stretched condition 
and the beam of the balance in a horizontal position. The position of the 
beam and the length of the film was read on a cathetometer scale.. 

In the first operation increasing amounts of weight was placed on the 
pan in steps and the expansion of the film measured in each step. Maximum 
weight placed on the pan was 2 gm., attained in steps of 0.5 gm. Keeping this 
weight constant a strong solution of sodium chloride was added to the 
water in steps up to a value of 0.026% of salt concentration. The contrac- 


—s— f (dynes/om) x10 
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Fie. 3. Mechanochemical Carnot cycle. 
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tion of the film was measured at each salt concentration. Then keeping the 
sodium chloride concentration constant the weights were removed from 
the pan in steps, whereupon the film underwent further contraction. In 
the final operation water was added to the container in steps lowering the 
salt concentration below 0.006%, when the film expanded again. The 
whole operation is represented graphically in Fig. 3. The work done in the 
complete cycle as calculated from the area of the closed curve was found 
to be about 5268 ergs. 


Discussion 


The expansion which the film underwent with the extent of neutraliza- 
tion is similar to that observed by Kuhn (1) and Katchalsky (2) in cross- 
linked polymers. This can be easily explained by the expansion-contraction 
of a polyelectrolyte molecule as suggested by Fuoss (4) in order to explain 
the peculiar viscosity behavior of polyelectrolyte solutions. As the COOH 
groups are neutralized the polymer is left with a number of COO~ groups 
distributed along the chain. The mutual electrostatic repulsion between 
these groups counteracts the Coutschouc type of contraction of neutral 
polymers and causes the chain to unfold and expand (Curve I, Fig. 1). 
As the ionic strength of the medium is increased by the addition of neutral 
electrolyte some of the oppositely charged ions are drawn back into the 
polymer coil, thereby neutralizing the charge on the chain partially, with 
the consequent contraction of the chain (Curve II, Fig. 1). 

Figure 3 shows that the polymer film can be made to perform contractile 
mechanical work by reversible ionization of the charged groups. It is there- 
fore a mechanochemical engine which transforms chemical ionization 
energy into mechanical work in an isothermal process. In this respect the 
film resembles the mechanochemical behavior of muscle, which also trans- 
forms chemical energy into mechanical energy in an almost isothermal 
cycle. The Young’s modulus of the film was 0.27 < 10° dynes/cm.? (under 
water), comparable to rubber (0.2 to 8 X 105) and muscle (10°). Although 
the transformation in the present case was fully reversible, only a small 
amount of chemical energy could be converted into work owing to the 
limited extensibility of the molecule. It should be elearly stated at this 
stage that the present work does not establish in any way that the muscular 
contraction arises from a similar cause. 

It has been suggested that the expansion-contraction of a polyelectrolyte 
gel may be a swelling-deswelling phenomenon due to the Donnan osmotic 
effect (5). In order to test this point a swollen film was placed in a strong 
sugar solution of osmotic pressure at least ten times higher than that of the 
total ions present inside the gel. The film did not undergo any contraction 
whatsoever. Thus we may conclude that at least in the present case the 
osmotic effect is negligible. 
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SUMMARY 


A film of partially hydrolyzed (about 33%) polymethyl acrylate (of 
av. D.P. 16,310) has been found to undergo reversible mechanochemical 
expansion-contraction with the extent of neutralization and in salt solu- 
tions. An amount of work equivalent to 5268 ergs has been performed 
using the contractile mechanism isothermally. Donnan osmotic contribu- 
tion to the swelling of the gel has been found to be negligible in the pres- 
ent case. 
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INTRODUCTION 


Particle size determinations by means of turbidity measurements are 
attractive for several reasons: (a) Absolute diameters, D, or particle weights 
M, are obtained directly (no apparatus constant or calibrating substance 
is necessary). (b) The limiting specific turbidity, (7/c)o, is a monotonic 
function of D over a wide range of colloidal particle sizes, if visible light 
is used (1). (c) The practically useful range extends, in general, from D-values 
as low as about 50 my up to more than 1’. (d) The accuracy of D-values 
is comparable to electron microscopic values (2). (e) Turbidity measure- 
ments are experimentally comparatively simple. Particularly because of the 
last-named feature, turbidity measurements are being used at a rapidly 
increasing rate without its being generally realized that a number of pre- 
cautions are necessary, in addition to those well-known for spectrophoto- 
metric work, in order to obtain truly significant data. The most important 
ones will be discussed in this paper. 


J. INTERFERENCE OF LATERALLY SCATTERED LIGHT 


Laterally scattered light may leave the scattering (absorption) cell and 
may, by diffuse reflection from the inner walls of the cell housing—even 
though they are blackened—reach the phototube unless this is avoided 
by proper apparatus construction or shielding (see, e.g., the schematic 
pencil of diffuse reflected light, La, in Fig. 4). This will result in an apparent 


1 This work was supported by the U.S. Office of Naval Research. 

2 Present Address: Jackson Laboratory, E. I. duPont de Nemours and Co., Wil- 
mington, Delaware. 

3 Diameters smaller than 50 millimicrons require the use of very long absorption 
cells (W. Heller and H. B. Klevens, Phys. Kev. 67, 61 (1945)) or the experimental use 
of rather high concentrations (S. H. Maron and R. L. Lou, J. Polymer Sci. 14, 29 
(1954)). The former are somewhat impractical. In the latter case, extrapolations to 
zero concentration do not necessarily yield correct (7/c)o-values. 
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Fia. 1. Apparatus. 


turbidity smaller than the true one. This situation is very often found with 
commercial equipment. It can be created with the apparatus used for the 
turbidity measurements shown in Fig. 1 and described in the preceding 
paper (2) by omitting diaphragms D’; and D’s. Photography can make the 
subjectively very weak effect objectively evident. To that effect a photo- 
graphic plate was placed at the position PZ’, normally occupied by the 
phototube, using an aperture of 4.9 cm. A 10-cm. scattering cell containing 
only double distilled water gave the picture of the primary light beam shown 
in Fig. 2a (no stray light). Figure 2b was obtained! after replacing the water 
by a dilute latex. The scattered stray light is very pronounced. Photo .2c 
was obtained on painting the walls of the cell, containing the latex, black 
except for the exit and entrance windows (no stray light). In all measure- 
ments of turbidity it is, therefore, advisable—and with some apparatus 


4 The exposure time was drastically increased from 2a to 2b in order approximately 
to equalize the total flux of the primary beam incident on the photographic plate. 
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Joie Dor. 


Fig. 2b. 


Fre. 2c. 


Fie. 2. Photographs illustrating stray light and its elimination. 
a. Primary beam after passing through water in unblackened cell. 
b. Primary beam after passing through scattering solution in unblackened 
cell. Note background of stray light. 
c. Primary beam after passing through scattering solution in blackened 
cell without exit diaphragm Ds. 
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Fria. 3a. 


ErGeoo: 


ETGasce 
Fra. 3. Photographs illustrating the Corona effect 
a. Same conditions as in Fig. 2c except th 
sixfold. 
b. Primary beam after passing through scattering solution in blackened 
cell with exit diaphragm D, being inserted. 

c. Primary beam after passing through se 
cell with | 


and its elimination. 
at exposure time was increased 


attering solution in blackened 
oth exit diaphragm Ds and diaphragm D; being inserted. 
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Fig. 4. Sources of error in turbidity measurements. Ly, scattered stray light, Ly pri- 
mary beam, L, primary and secondary scattered light, Ds and D’s diaphragms. 


absolutely necessary—to work with cells whose lateral walls have been 
blackened. 

The intensity of the stray light, although it is very small compared to 
that of the primary beam, is strong enough to falsify the concentration de- 
pendence of the turbidity. 


IJ. Tor “Corona Errecr” 


The light received by the aperture D’s, preceding the phototube, consists, 
in the absence of Ds, of three components. By far the major portion of the 
light flux is accounted for by the primary beam, L, (Tig. 4). Superimposed 
upon and adjacent to it is scattered radiation, L,. The latter consists of 
both primary scattered light, i.e., light scattered directly from the primary 
beam in the central irradiated part of the cell, and secondary scattered light 
originating within those portions of the cell not traversed by the primary 
beam. Both types of scattered light will falsify the turbidity data obtained 
unless proper precautions are taken to sufficiently reduce or eliminate their 
contribution to the total light flux measured. We shall first discuss the 
nature of the effect produced by the secondary scattered light and a method 
for eliminating it. 

Two dashed lines in Fig. 4 represent the projection of the cone of second- 
ary scattered light reaching the aperture D’s from a selected volume element 
dV extending by the distance dz into the cell. Secondary scattering from 
the differential volume +R? dx (RF is the radius of the cell) will, therefore 
be finite across the entire face of the cell window, although its intensity 
will decrease exponentially (disregarding relatively minor periodic intensity 
variations due to interference) towards the periphery because of the 
turbidity losses in the primary scattered light. The next differential liquid 
layer will produce an effect of similar magnitude. l’or, whereas the second- 
ary scattered light from a given layer decreases exponentially with the 
distance 2, giving to x the value of 0 at the exit window, its original intensity 
increases exponentially with x. The contribution of inner layers to the flux 
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of secondary scattered light through the exit window is, therefore, by no 
means small. The magnitude of the entire effect becomes apparent on 
looking at the cell towards the primary beam. A corona around the primary 
beam is observed. It is demonstrated in Fig. 3a, which was taken under 
the same conditions as Fig. 2c except that the exposure time was increased 
sixfold to make the effect very distinct. The corona can easily be excluded, 
as shown by Fig. 3b, by placing at the exit end of the cell a diaphragm, Ds 
(Figs. 1 and 4), with an opening only slightly larger than the diameter of 
the beam. This photo was obtained under precisely the same exposure time 
and development procedure as photo 3a. 

The luminosity of the corona obviously approaches zero at infinite dilu- 
tion. Like the laterally scattered stray light (section I) it falsifies the 
concentration dependence of the turbidity and, thus, also the concentration 
dependence of r/c. 


PARAMETER: PARTICLE 
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Fig. 5. Concentration dependence of turbidity. 
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III. Errect or a ComBINATION oF Boru Sources oF ERROR 


On placing the phototube at PT in the absence of Ds, Dz, and Ds and 
using an unblackened 10 cm. cell, a combination of the effects discussed in 
sections I and II is operative. They are reduced but still appreciable on 
inserting Ds (aperture = 1 cm.). The result for the latter case is illustrated 
by the full curves in Fig. 5. The dashed lines refer to the data obtained 
under otherwise identical conditions except that the scattering cell was 
blackened and Ds inserted. It is apparent that the value of the specific 
turbidity obtained directly from r(c)-plots under the former conditions is 
too small. For particle diameters in excess of 0.5 » an additional complica- 
tion arises because of the early departure of the 7 vs. c curve from a straight 
line which makes the evaluation of (7/c)o-values difficult. 


IV. Errect oF THE SoLip ANGLE 


Primary scattered light originating in the central cell section traversed 
by the primary beam also interferes with turbidity measurements. A central 
volume element dV’ located near the exit end of the cell in Fig. 4 will emit 
a cone of scattered light defined by a solid angle, wo, reduced in the drawing 
to the two-dimensional angle 2w, where w is one-half of the vertex angle of 
the planar projection of the cone.® This angle and, with it, the amount of 
scattered light entering the photocell is determined by both the distance 
from the scattering volume element to D’; and the aperture of D’s. Since 
the scattered light contains contributions of all the elements in the cylindri- 
cal volume illuminated by the primary beam, the integral effect is by no 
means negligible. This is evident from a comparison of photos 3b and 3c. 
The former was taken with D, in place. The latter was obtained on inserting 
an additional diaphragm D’; (not shown in Fig. 4; see Figs. 1 and 6) which 
reduced the aperture of the photocell to slightly less than the diameter of 
the primary beam (2 mm. at the exit end of the cell). The halo of scattered 
light visible in Fig. 3b is thus eliminated and the residual contribution of 
light scattered from dV’ is reduced to that of a light cone whose base is 
defined by the circumference of the primary beam.® 

The effect of the solid angle can be evaluated theoretically by integrating 
the contributions of all the volume elements which are in the path of the 
primary beam along the entire length of the cell, the limits of integration 
being furnished by the corresponding solid angles.’ This possibility will be 


5 w and wo are connected by the relation w) = 2m (1 — cos w). 

6 Since this residual contribution increases approximately with the square of the 
diameter of the primary beam, it is clear (see also section V) that it may cause serious 
errors if the cross section of the primary beam is much larger than in our apparatus. 

7 The solid angle considered here disregards the occurrence of refraction for the 
scattered beam leaving the cell. This has to be taken into account in eliminating the 
effect of the solid angle by theoretical corrections. This refraction is immaterial for 
the experimental elimination discussed below. 
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considered briefly at the end of this section. An alternate possibility of 
eliminating the effect consists of making a series of measurements with 
systematically varied solid angles and extrapolating the specific turbidities 
thus obtained to zero solid angle. This is the method selected here. 

It is not possible to define a given experimental condition by a unique 
solid angle since both layer thickness and cross section of the primary beam 
are finite. An arbitrary standard must therefore be selected. The (7/c)o-value 
extrapolated to w) = 0 is, of course, independent of the standard, but the 
slope of the (r/c)o vs. (wo) curve—which is also of interest—is meaningful 
only if the standard selected does not differ too much from the mean angle. 
Considering first the differential layer, zr’dz, at the exit window of the cell 
—~r being the radius of the primary beam and z the length of the scattering 
cell (Fig. 6)—the angle 2w and the corresponding actual solid angle w 
(steradians) were chosen as being most suitable. This angle defines strictly 
the contribution of dV’, considered in Fig. 4, but in a very good approxi- 
mation also that of all other elements in the differential layer since 20 = 
2w’. The solid angle decreases with increasing x (x = 0 at the exit window) 
so that the angle w) is somewhat larger than the effective mean angle a. 
Two alternate angles which might be considered (Fig. 6) exaggerate (angle 
a) or partially neglect (angle 8) the contributions of the peripheral volume 
elements. The angle 8, in addition, would be misleading because it ap- 
proaches zero as the dimensions of the primary beam and Ds become equal 
even though there is still a finite solid angle. 

In order to study the quantitative effect of the solid angle upon the 
turbidity, the former was varied either by changing the distance between 
the scattering cell and the phototube from 2.3 to 29.0 em. and/or inserting 
the additional diaphragm, D;, already mentioned, thus changing the 
aperture of the phototube from 1.04 em. (Ds)(D’s) to 0.4 em. The layer 
thickness (10 cm.) and the aperture of Ds were kept constant. The range 
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Fie. 6. Schematic definitions of the cone of scattered light. | 
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Fie. 7. Concentration dependence of the specific turbidity. Parameter: w. 


of w-values covered in this manner is 8.2° to 0.4° (w = 64.5 X 10- to 
0.2 x 10-* steradians).® 

Figure 7 shows the variation of the specific turbidity with concentration 
for both a small and a large particle size latex. Numerical data for two 
intermediate particle sizes are given in Table I. The angle, w, is the param- 
eter in these experiments in which the effects discussed in sections I and II 
have been excluded. The data show that extrapolation to zero concentra- 
tion is not sufficient to obtain both secure and correct (7/c)» data unless 


8 It will be seen from the following data that a reduction of the angle below the 
standard value adopted (w = 1.0°) is not necessary. 
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TABLE I 
Variation of Specific Turbidity with w and c 
Sample 44B; D = 620 my; Ao = 5461A; c: g./100 g. 


c X 108 w: 0° 0.4° 1.0° 5.0° 8.2° 

0 (326.5) (326.5) (326.5) (323.5) (321.0) 
0.3685 (318.5) 318.6 318.3 319.7 319.9 
0.7370 (325.0) 324.7 320.1 324.4 321.4 
1.105 (326.5) 326.4 326.1 323.0 321.0 
1.474 (327.0) 326.6 OO Ge 324.8 320.2 
1.842 (825.5) 325.4 325.6 320.2 Bling 
9) 13) (325.5) 325.2 3200! 318.5 olom 
2.948 (822.5) 321.8 320.9 312.4 304.4 
3.685 (315) -- ail 3} 294.2 280.6 

Sample 444A; D = 492 mu 

0 (272) (272.0) (272.0) (269.2) (267 .5) 
0.6134 (273.5) 2B) 273.5 267.9 265.0 
1.227 (272.5) 272.4 271.9 269.7 268.1 
1.840 (270.5) 269.6 270.0 267.9 266.8 
2.454 (271) 270.7 271.4 269.3 266.6 
3.067 (273) 272.9 212.4 268.7 264.6 
3.680 (271) 271.1 272.0 265.7 260.5 


2 Values in parentheses represent extrapolated values. 


either particle size or solid angle is small enough. Additional extrapolation 
to w = 0 may, therefore, be indicated. If the particle diameter is not less 
than 0.5 to 0.6 yu, it is of advantage to combine both types of extrapolation, 
by plotting (7/c) as a function of both c and wo, as shown, for one example, 
in Fig. 8. Simplified plots, limited to c = 0, are given in Fig. 9 for five 
samples of systematically varied D. An interesting and practically helpful 
result is the fact that the limiting specific turbidity, (r/c)o, varies linearly 
with the solid angle, wo, within the range of angles investigated.? This 
facilitates safe extrapolations to (r/c)o at w) = 0 from measurements at 
only a few solid angles. The linearity indicates that the small section of 
the radiation envelope pertinent to the angles investigated can be approxi- 
mated to a section of the surface of a sphere, as one would expect it at small 
woo-values. It is quite certain that this linearity cannot be expected to hold 
for w-values much larger than those considered here. 

Figure 9 shows that the effect of the solid angle upon (7/c)o is negligible 
for diameters less than 200 my (for \) = 5461 A. and a relative refractive 
index m = 1.20) if w < 8.2°. For larger particles, the error may increase 
to 2% (cf. parenthetic values in Table I). The effect of the solid angle in- 


* This is the reason why it is not necessary here to use, instead of wo, the solid 


angle corrected for refraction’, woo . At finite concentration, (r/c) does not vary lin- 
early with wo. 
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Fia. 8. Variation of specific turbidity with solid angle and concentration. 


creases rapidly with concentration, more so the larger the particle size. 
For D = 620 mu and c = 0.002948 g./100 g., (7/c) decreases by 5.4% as 
w is varied from 0.4° to 8.2°. Unless w is sufficiently small, simple extrapola- 
tion of 7/c to c = 0, at constant solid angle, will therefore not only yield 
inaccurate 7/c values with such large particles but the extrapolation to 
these inaccurate values will be very difficult and insecure, as already seen 
from Fig. 7. 

Figure 9 and Table I show, furthermore, that at an w-value of 1° the 
systematic error involved in (7/c)o is hardly larger than the nonsystematic 
error involved in (7/c)) measurements. It is, therefore, safe to dispense with 
(r/c)o VS. wo extrapolations upon carrying all measurements out at this 
angle. It is for this reason that an angle w of 1° was used as a standard for 
all measurements reported in a preceding publication (2). It is quite clear, 
however, that the ‘‘safe” solid angle will depend to some extent upon the 
particular apparatus used. 

Table II summarizes in columns 2 and 3 the error in (7/c)o on using the 
w-angles 5° and 8.2° at systematically varied particle sizes. It compares 
this error with the theoretical error (3) calculated for m = 1.20 by means 
of the procedure outlined earlier in this section. Although theoretical data 
are not available at present for larger diameters, it can be seen that the 
observed and expected effects of the solid angle agree within the limits of 
experimental error even without corrections for refraction. 
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TABLE II 
Per cent Error in (r/c)o for w = 5.0° and 8.2° 
Exptl. Calc. 

D (mp) 5.0° shoe 5.0° 80 
163 0 0 0.2 0.5 
238 10) Ws 0.4 1.0 
492 2.8 4.5 — — 
620 BAO) 5.5 s= oa 
824 Ihe 3.5 = == 


V. Turpipiry MrasurREMENTS WITH THE BECKMAN SPECTROPHOTOMETER 


In order to demonstrate and evaluate the effect of laterally scattered 
stray light, of the corona at the exit window of the scattering cell, and of 
the solid angle of the scattered beam the operating conditions with our 
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apparatus had to be made purposely unfavorable. The extent to which this 
could be done was limited. With some of the commercially available appara- 
tus, the normal operating conditions are more unfavorable than the extreme 
conditions established above. In addition, other unfavorable features may 
be found such as appreciable width and pronounced divergence of the 
primary beam. It was therefore desirable to supplement the preceding 
studies by a few exploratory experiments with a suitable commercial ap- 
paratus. To that effect, a series of experiments were carried out with a 
Beckman spectrophotometer model DU. This instrument, whose satis- 
factory performance for routine absorption measurements is recognized, 
has been and is being used frequently for turbidity measurements also, and 
it is, by virtue of its basically sound construction, potentially more suitable 
for them than some apparatus specifically built for light-scattering work. 
The selection of the Beckman instrument for the following experiments was 
governed exclusively by the fact that it was easily accessible to us. A 
thorough critical test of other commercial instruments used or constructed 
for light-scattering work would be desirable but is not intended by the 
authors. : 

The Beckman spectrophotometer was used at 5461 A. with either con- 
ventional 1-cm. cells of square cross section or blackened 10-cm. cylindrical 
cells. A slit width of 0.045 mm. was used in the former case and 0.08 mm. 
in the latter. The divergence of the primary beam in the Beckman is defined 
by an angle w, of approximately 2° and the angle, w, of the scattered beam 
is approximately 35° and 30° for 1 em. and 10 cm. cells, respectively.! 

Figure 10 shows the variation of the apparent specific turbidity (7/c)a 
with concentration for various particle diameters using the standard 1-cm. 
cells without excluding stray light and corona. The slope of the (r/c). 
vs. C curve increases with decreasing concentration, more so the larger the 
particle size. This makes a secure extrapolation of (r/c)a-values to zero 
concentration more difficult, the larger the particles. On using the blackened 
10-cm. cell with an exit diaphragm slightly larger than the primary beam 
(0.3 em.?) (elimination of stray light and corona) the slope changes in 
exactly the opposite direction (insert to Fig. 7). It is noteworthy that in 
the latter, more favorable, case the apparent specific turbidity still changes 
17.4% over a concentration range from 0 to 0.00114. Under the standard 
conditions used in this laboratory with our light-scattering apparatus 
(w = 1°) the change over the same concentration range was 0.9% (Fig. 7). 

Far more serious than the difficulties of extrapolating (r/c)-data to 
c = Ois the fact that these extrapolated values are incorrect. This is shown 
by Fig. 11, which gives the per cent deviation of the extrapolated Beckman 
(r/c)a-data relative to the true data (2) as a function of particle diameter. 


10 Since the aperture of the photocell is rectangular in the Beckman instrument, 
no unique definition of w is possible. The w-values indicated represent the mean 


between two values. 
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Fig. 10. Concentration dependence of the apparent specific turbidity obtained with 
a Beckman spectrophotometer. 
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Fia. 11. Per cent deviation of (r/c)a from (7/c)o as a function of particle size. A, 
1-cm. unblackened cell; B, 10-cm. blackened cell. 
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It is apparent that the data obtained and, implicitly, the particle diameters 
derived therefrom, have no quantitative significance except for particle 
diameters <150-200 my no matter whether the 1-cm. cell is used, as is, 
or the 10-cm. cell is used after blackening and attachment of the exit window 
diaphragm. The bearing of the results in Fig. 11 upon the evaluation of 
light-scattering and particle size data recorded in the literature and ob- 
tained with an unmodified Beckman is obvious. 

The use of the 10-cm. cell with the specified precautions eliminates all 
the discussed sources of error except those connected with the rather large 
solid angle of the scattered beam and with the large width and divergence 
of the primary beam. Extrapolation, on the basis of the straight-line rela- 
tionship illustrated in Fig. 9, would tend to indicate that the major source 
of error among the three possible ones mentioned is the large solid angle 
of the scattered beam. Since extrapolation to such large angles is not safe 
and the w-values are not well defined"; a definite conclusion is, however, 
not possible. 

Obviously, the Beckman spectrophotometer and, similarly, other com- 
mercial instruments suffering from deficiencies can be modified to allow 
their use for measurements yielding data of only moderate deviations from 
the true (7/c)o value. The investigation described in this paper should 
provide the key to such modifications, of which part pertain to the modifica- 
tions of absorption cells to make them suitable for scattering work and part 
to modifications of the optical features of the apparatus proper. With regard 
to the latter, attention may be drawn to a partial remedy introduced by 
Sliepcevich (4). 

SUMMARY 


The most important sources of error in turbidity measurements are dis- 
cussed and their quantitative effect is studied by suitable experiments. 
Particular attention is paid to the effect of scattered straylight, of the 
“corona” at the exit of the scattering cell, and of the solid angle of scattered 
light reaching the photocell. Relatively simple precautions are described 
by means of which the two former effects can be eliminated, and a rela- 
tively simple procedure is proposed which allows one to obtain turbidity 
values pertinent to zero solid angle. It is shown that errors as large as 30% 
may result if instruments which are perfectly suitable for ordinary absorp- 
tion measurements are used for turbidity measurements without proper 
modifications and precautions. 
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ABSTRACT 


By means of layer analysis and the use of radioactive isotopes the author measured 
the rates of self-diffusion of sodium and iodide ions in clay-water pastes. In the same 
pastes the diffusion rates of sodium iodide and of urea were measured. The clays used 
were montmorillonite and kaolinite having sodium ions as adsorbed ions. 

By comparison of the diffusion rate of iodide ions with that of urea it could be made 
plausible that the retardation of the iodide ions in these pastes is due to steric hin- 
drance; the mobilities of the iodide ions, as calculated from these data, were ap- 
proximately 0.4 to 0.5 times as large as the mobilities in aqueous solutions. Assuming 
that the dissolved sodium ions in the pastes are retarded in the same degree as the 
iodide ions one obtains for the mobility of the adsorbed sodium ions in the mont- 
morillonite pastes 0.37 and in the kaolinite pastes 0.28 of their mobility in aqueous 
solutions. On the basis of these experiments the retardation of the adsorbed ions 
cannot be divided into a part caused by the geometry of their diffusion path and a 
part caused by forces exerted upon them by the wall charges. 


INTRODUCTION 


Recently Overbeek has pointed out that for a correct interpretation of 
the Donnan-e.m.f. knowledge of the mobilities of all particles in the system 
is necessary (1). The mobilities of ions in solution are rather well known. 
The mobilities of the colloid particles can easily be determined by elec-: 
trophoresis. The present study is an attempt to obtain data about the 
mobilities of ions adsorbed on the clay minerals montmorillonite and 
kaolinite; it forms part of an experimental test of Overbeek’s treatment of 
the Donnan-e.m.f. with suspensions of these minerals (2). 

Mobilities of ions may be derived from diffusion rates and from electric 
conductances; Spiegler and Coryell (3) demonstrated for some colloidal 
systems the agreement between the electric and diffusion measurements. 


1 This paper is based on a portion of a thesis, entitled ‘“‘Het suspensie-effect,”’ 


submitted to the University of Amsterdam, March, 1955. Details can be found in 
Chapter 3 of this thesis (in Dutch). 


2 Present address: Cereals De 


; pt. of the Centr. Inst. for Nutriti 
Rees Nanas 8 r Nutrition Research T.N.O., 
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‘rom the conductometric titrations of silver iodide sols (4), the electric 
| Saeaia and transport numbers in these sols (5), diffusion rates in 
ifferent ion exchangers (3, 6, 7), rates of ion exchange (8), and the electric 
esistance of ion exchangers in the form of plugs or membranes (3, 9, 10) 
tis concluded that adsorbed ions have a lower mobility than the same ions 
a the dissolved state. The quantitative results of these investigations, 
owever, cannot be applied to the colloids used in the present study as a 
ionsequence of differences in geometry and in ion-exchanging properties. 
“herefore new experiments were needed for quantitative data about the 
aobilities of ions adsorbed on the clay minerals mentioned. 

- Because of their simplicity diffusion measurements were preferred to 
aeasurements of the electric conductance. The measurement of self- 
iffusion with radioactive isotopes allows the determination of single ion 
aobilities. Diffusion measurements in suspensions are made difficult by 
he complications of sedimentation, convection currents, and mechanical 
‘ibrations; to minimize these the measurements have pen made in clay 
pastes. Sodium iodide has been chosen as salt since it is a uni-univalent 
lectrolyte like potassium chloride which is generally used in salt bridges 
nd since sodium and iodine have easily obtainable radioactive isotopes. 
ixperiments were also carried out with urea in order to test the applied 
heory. 


THEORY 


Let the mobility w; of an ion z be defined as the velocity of the ion in its 
nvironment under the influence of an external force of 1 dyne. Then in 
ufficiently dilute solutions the relation between the mobility, the self- 
liffusion coefficient D;, and the equivalent conductance i; of the ion is (11): 

A, RT 
D; = kTw; — [zi]? [1] 
k is Boltzmann’s constant, R the gas constant per mole, 7 the absolute 
emperature, F the Faraday, and z; the valency of the ion). 

In porous materials diffusion is affected by adsorption and by the 
eometry of the diffusion path. 

It is supposed that allowance can be made for the geometry of the 
iffusion path by adding a labyrinth factor’ h to the second term of Eq. 
l]: 


D; = kTwih. [2] 


f the diffusion coefficient is defined by Eq. [5] h is not proportional to the 
atio of the volume of the pores to the total volume (pore fraction S) (14); 


3 The term labyrinth factor has been proposed by K. HE. Ziemens (12). The forma- 
ion resistivity factor used by petroleum production engineers corresponds with 


/Sh (13). 
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kTw, x 10°, cm’/sec 


10 20 30 
TEMPERATURE , °C —— 


Fia. 1. The diffusion rate of urea in water (20, 21). X = 0.2 M; O = other con 
centrations (C.: unknown; Th.: 0.04 M); + = used by the present author. The dashe: 
lines correspond with an activation energy of 5 kg.-cal. per mole. 


the labyrinth factor may be considered as the mean value of the square © 
the cosine of the angle between the channels through which the diffusio: 
occurs and the direction of overall diffusion (cf. 6, 15). De Vries has calcu 
lated the labyrinth factor h for unarranged assemblies of oblate spheroid 
and has shown how it is dependent on the eccentricity of the particles an 
on the pore fraction S (16)‘. 

Equation [2] is supposed to be valid for the diffusion of urea (D, an 
w,) and the self-diffusion of iodide ions (D_ and w_)in clay pastes in so fa 
as these molecules and ions are not adsorbed. Under these conditions th 
same labyrinth factor h may be expected to describe both types of diffusion 

In the case of ion adsorption the following argument may be set up i 
order to allow for the influence of adsorption on the diffusion rate. The cla 
pastes with which the experiments have been carried out contained sodiu 
ions adsorbed on the clay mineral (say s per em. of paste) and sodium ior 
belonging to the sodium iodide in solution (say n per cm.’). The mobilit 
of the ions in solution is w,. The mobility of the adsorbed ions is not know1 
moreover their labyrinth factor is expected to be different from h. TI 
present experiments do not allow a division of the retardation of tt 
adsorbed ions into a part caused by the geometry of the diffusion path ar 


It should be realized that in the graphs of De Vries the product Sh of the po 
fraction and the labyrinth factor is plotted against the pore fraction itself. 
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‘part caused by forces exerted upon them by the electric charges of the 
alloid particles. Therefore a factor g is assigned to them which is treated 
3 a labyrinth factor. It is supposed, however, to describe the joint effects 
f both retarding causes. A determination of the factor g is sufficient for 
ne object proposed; a division into two factors corresponding to the two 
fects mentioned above is not necessary (see below). Since ion exchange 
a fast process compared with diffusion one may consider all sodium ions 
uring a fraction of time s/(n + s) as having the properties of adsorbed 
ms and consequently an apparent labyrinth factor g; during the re- 
.ainder of time they may be considered to have a labyrinth factor h equal 
> that of the iodide ions. Then the coefficient of self- SNe Nee: of the 
pdium ions is given by: 


Ds, = kTwy(nh + 8g)/(n + 8). [3] 


| When calculating the diffusion rate of the salt sodium iodide D, one has 
» take into account a possible liquid junction potential that accelerates 
ne slower and retards the quicker ions resulting in a net zero transport of 
ectricity. Assuming ideal behavior of the iodide ions and taking n + ys 
or the activity of the sodium ions®, one obtains: 


2(nh + sg)wpw. n+ ys | 
| (nh + sg)wsi + nhw 2n + 2ys 


In real solutions allowance should be made for the change of the activity 
deficient with the concentration (11) and in the case of ions for relaxation 
henomena (18) and electrophoresis (11). The magnitude of these effects 
estimated to be maximally a few per cent in the solutions used. Therefore, 
ney may be neglected in respect of the experimental error. 

_The most reliable values for the mobilities of the ions in solution are 
aleulated from the equivalent conductances by means of Eq. [1]. Using 
miting values one obtains from the data in the literature (19): kTw_ = 
105 and kTw, = 1.33 & 10-* cm.?/sec. at 25°C. 

Urea concentrations in the pores of the pastes have been about 0.2 M. 
Niffusion velocities of urea taken from the literature (20, 21) and inter- 
olated or extrapolated to this concentration as far as possible are given in 
ig. 1. The results of Zuber and Siillmann (Z. and §., ref, 21) are considered 
» be less reliable because these investigators used an impure sample and 
und an exceptional concentration dependence. Moreover their figures 


Dig hk Pi: [4]° 


5 This assumption corresponds to a mean activity coefficient of the salt equal to 
J} + ys/n; y is comparable with the “fraction active’? as used by Marshall (17). 

6 Having finished this study the author became acquainted with a more extensive 
eoretical treatment of the diffusion of electrolytes through ion exchanging media 
y Mackie and Meares (15). Equation [4] can be proved to be a special case of their 
{uation (3.9). 
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together with the data obtained by other investigators at lower fouaed 
tures lead to an improbably high value for the activation energy, viz., £ 
kg.-cal. per mole; the upper limit for diffusion in aqueous solutions is 
about 5 kg.-cal. per mole (22). In Fig. 1 the diffusion velocity. ati26°C) used 
by the present author is indicated: kTw, = 1.51 K 10~° cm. */sec. + 10%: 

Measurements of D, and D_ in the clay pastes provide two ways of es: 
timating the labyrinth factor h by means of Eq. [2]. This factor h, D4, and 
n/s being known, Eq. [3] permits calculating g. From these quantities and 


D,, one can estimate y by means of Eq. [4]. | 


EXPERIMENTAL PART 


Apparatus. Diffusion constants were determined by layer analysis. The 
construction of the apparatus was based on that of Cohen and Bruins (23)) 
it is composed of a pile of horizontal, circular disks of 8.5 cm. radius mad 
from a phenolformaldehyde resin. The disks can be turned separately 
around a common vertical steel axis through their centers. They are presse 
one against another by means of a spring. In all disks at a distance of 6.4 
em. from the axis a number of vertical cylindrical holes are drilled; they 
are placed on a circumference at distances of 20° or alternately 20° and 40) 
(Fig. 2). 

The apparatus can be used either with two disks of 1.5 em. thickness o: 
with four disks of 1.0 cm. thickness between an upper and a lower disk th 
are the same in both cases. Figs. 3 and 4 illustrate the way the experimen 
are carried out. In stage 1 the holes are filled with two pastes a; and a: 
these pastes are made identical except as to the concentration of the diffus 


Fig. 2. Assembled diffusion : apparatus and a single disk with holes at distane 
of alternately 20 and 40°. 


| 
| 
| 
| 
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j ing component. When the disks are turned to stage 2 the two pastes come 

/ into contact one with another and the diffusion process starts; moreover 

| the excess of paste a, is separated from the desired volume of te paste. 

The disks are immediately turned to stage 3. Now the room in which the 

diffusion occurs is isolated completely; moreover the excess of both pastes 

' can be removed from the apparatus. After a chosen time the disks are 

‘ turned to stage 4; the diffusion is terminated. Paste a; (in the case of two 

| disks) or halves of both pastes (in the case of four disks) are taken out for 
analysis; in stage 5 the remaining pastes are taken out for analysis. 


The apparatus permits six experiments of this type to be performed at 
|\the same time. 


i 


Materials 


The pastes were prepared of a montmorillonite from Osage (Wyoming) 
#and a kaolinite from Drybranch (Georgia). Their identity was confirmed 
| by x-ray diffraction, differential thermal analysis, and electron micrographs. 
Particles larger than 50 microns were removed before use. The remainder 


‘micron; for the kaolinite this was 52%. They were purified by oxidation 
with hydrogen peroxide, by washing with 0.05 N hydrochloric acid and 
subsequently with distilled water, and by electrodialysis. Then the sus- 
pensions were adjusted to a pH of between 6.5 and 7.0 by means of 790 + 
420 (montmorillonite) or 55 + 4 (kaolinite) microequivalents sodium hy- 
Widroxide per gram mineral. The appropriate amounts of sodium iodide and 
wlurea (see below) were added. By evaporation of the water a paste of the 
desired mineral content was obtained. The different pastes needed for one 
experiment were made up to the same weight of mineral per gram of total 
paste. The pastes were carefully made homogeneous. 


Methods 


In most experiments the mean value of the quotient n/s in the combined 
dastes was chosen equal to 1/2. For the determination of D, one paste 
with n/s = 1 was joined to one paste without sodium iodide (n/s = 0). 
For the determination of D_ and D, two chemically identical pastes were 
sed; in one of them part of the sodium or iodide ions was replaced by 
radioactive ions (Na” or I'*!). For the determination of D, both pastes 
vere provided with sodium iodide according to n/s = 1/2; besides one of 
‘hem contained 2 millimoles urea per gram montmorillonite or 0.2 milli- 
{nole per gram kaolinite. 

| All experiments were carried out at 25° + 1°C. 

The mineral content of the pastes had to be chosen in order to obtain the 
)roper consistency. Pastes which are too stiff cannot be put into the holes 
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Fia. 3. 

Fias.3 & 4. Schematic section of the diffusion apparatus along the vertical cylinde 
through the holes. Fig. 3: using two disks; Fig. 4: using four disks, in both caseq 
plus the upper and the lower one. The figures on the right-hand side of the section! 
indicate the way in which the disks are turned; they are formed by some vertical 
lines, one on the cylindrical surface of each disk, and placed in such positions as t# 
form a straight line together in stage 3. Arrows indicate the filling of the apparatull 


(stage 1), and the removal of excess material (stage 3) and of the samples to be ang 
lyzed (stages 4 and 5), 


without including air bubbles. In pastes with too low a mineral conten} 

settling of the mineral during the diffusion was a disturbing factor. TH! 

mineral content of the pastes could not therefore be varied arbitrarily. 
The use of thinner disks seems advantageous. It is true that then chen 


values of n/s. On the other hand, the filling of the apparatus will be easid } 
and the diffusion times may be chosen shorter. | 
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wt For analysis the pastes were shaken with sufficient neutral salt solution 
to cause flocculation and complete ion exchange. After sedimentation the 
‘supernatant liquid was analyzed. Iodide was titrated potentiometrically 
‘}with silver nitrate. Sodium was determined by means of a flame photometer 
“\and urea according to Kjeldahl. The radioactivity was determined by 
evaporation of the supernatant liquid and measuring the specific activity 


dc ac 
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and the appropriate boundary conditions. The concentration c in Eq. [5] 
is the amount of diffusing substance per unit volume paste. 

Solutions of [5] with the boundary conditions of restricted diffusion are 
to be found in textbooks (24). Integration and numerical evaluation of a 
rapidly converging series furnished tables of the amount of diffusing sub- 
stance in each of the holes after diffusion has proceeded for a time ¢ as 
dependent on the dimensionless quantity Dé/? in which | denotes half of 4} 
the total thickness of the two or four disks. A part of these tables could also | 
be calculated from Stefan’s tables (25); comparison of some figures proved 
the identity of the results of both methods. 

By the aid of these tables and graphical interpolation values for Dt/? 
are to be obtained from the analytical results. The length 7 and the time 
t being known, D may be calculated. 

An analysis of the influence of the analytical errors on the accuracy of | 
the diffusion constant determined led to the conclusion that their influence 
was slightest when Dt//? had a value between 0.35 and 0.45. Many other 
sources of error, however, steadily increase with increasing diffusion time. 
Therefore, in most experiments the diffusion time was chosen to be shorter 
than corresponding to the above value. 


RESULTS AND DiIscussION 


Table I gives the experimental results. The mineral contents of the pastes 
and the quotients n/s in the headings have been obtained by analysis of the 
starting materials; the values mentioned are the means of a series of deter- 
minations on slightly different pastes used in successive experiments. The 
pore space S was calculated from the mineral content assuming a density 
of 2.65 g./em.* for both minerals (26). Columns 8, 6, and 9 contain the | 
experimental diffusion velocities obtained in the number of single experi- | 
ments indicated in columns 4, 7, and 10. 

From the experimental diffusion velocities the factors h, g, and y are 
calculated as indicated in the last paragraph of “Theory.” The set of values 
that fits best into the combined experimental results is given in Table II. } 
Afterwards the diffusion velocities in columns 2, 5, and 8 of Table I have: 
been obtained by substituting the factors from Table II into Kas. [2] to [4]. J) 

The results of the experiments carried out with four disks permit a test |} 
of the assumption that the diffusion coefficients are independent of the 
concentration, No evidence of a concentration dependence of any of the 
coefficients was found, although Eq. [4] predicts the diffusion coefficient of 
sodium iodide D, to be dependent on n/s in a rather complicated way. The}: 
test, however, is rather insensitive to this type of concentration dependence. i) 

The agreement between the calculated and the experimental values inj} 
Table I may be improved by certain refinements of the theory as, e.g.4I) 


taking into account relaxation phenomena and electrophoresis in the} 
diffusion of the ions and sodium iodide. | 
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TABLE I 
Results of the Diffusion Measurements 
Diffusion Coefficients Are Given in 10-5 cm?./sec. 
Mineralesret cee Montmorillonite Montmorillonite Kaolinite 
Mean Nal conce.... n/s = 1.00 n/s = 0.49 n/s = 0.53 
Mineral cont. 
(% by weight)... 4.0 6.2 56 
Pore fraction...... S = 0.985 S = 0.976 S = 0.68 
Diffusing D D No. D D No. - D D No. 
substance calc. exptl. expts. | calc. exptl. expts. calc. exptl. expts. 
1 2 4 4 5 Lead 6 7 8 9 10 
urea Eq. [2] — — — | 0.74 | 0.75 3 0.622 | 0.56 5 
+0.13 +0.05 
T--ions Eq. [2] — — — 1.00 | 0.97 2 0.84 0.83 2 
+0.12 +0.10 
Nat-ions 0.58 | 0.51 3 0.55 | 0.56 8 0.438 | 0.41 9 
Eq. [3] +0.09 +0.04 +0.02 
Sodium iodide | 0.98 | 0.95 3 1.06 | 1.08 8 1.01 I IIR 26 
Eq. [4] +0.09 +0.06 +0.09 


20.55 after correction for adsorption (see text). 


TABLE II 


Constants To Be Substituted into Eqs. [2] to [4] for an Adequate Description of the 
Experimental Results 


Montmorillonite Kaolinite Uncertainty (%) 
h 0.49 0.41 5-10 
g 0.37 0.28 5-10 
y 0.2 0.0 100 


Probably the diffusion of urea in the kaolinite pastes is retarded by ad- 
sorption. The author made a crude determination and found an adsorption 
of 5 micromoles per gram mineral from a 0.05 M solution for both minerals 
in accordance with Conrad’s results with a fine sandy loam (27). Assuming 
a linear adsorption isotherm and a mobility equal to zero for the adsorbed 
urea molecules one calculates a retardation of the diffusion by 11% in the 
kaolinite pastes but by only 0.5% in the montmorillonite pastes (cf. 14); 
application of this correction improves the agreement markedly. So it 
seems probable that the retardation of the iodide ions is a proper measure 
for the labyrinth factor for all dissolved ions and molecules owing to the 
particular geometry of their diffusion path as prescribed by the impenetra- 
bility of the mineral particles. 

A comparison of the values of the pore fraction S and the labyrinth 
factor h obtained and the graphs of De Vries (16) permits an estimation of 
the eccentricity of the oblate spheroids that may serve as a model for the 
mineral particles in the pastes; the axial ratios are greater than 100 for 
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montmorillonite and a little smaller than 10 for kaolinite. These results 
confirm the platelike shape of the particles. Grim records dimensions of clay 
minerals obtained by electron micrographs with shadow-casting (28). From 
these dimensions one estimates for the ratio of the diameter and the thick- 
ness of the plates 10 to 100 for montmorillonite and 2 to 6 for kaolinite. 
The electron micrographs of the kaolinite actually used, however, yielded 
values between 10 and 20 for the better developed crystals. It should be 
realized that application of the graphs of De Vries may furnish too low 
values for the axial ratio since he neglects the parallel orientation of the 
platelike particles to be expected in a paste. 

The mobility of the adsorbed sodium ions in the montmorillonite pastes 
used is a fraction g = 0.37 of that in aqueous solutions provided that the 
solved sodium ions are retarded to the same extent as the iodide ions in the 
pastes; for the kaolinite pastes the factor g equals 0.28. It is emphasized 
that the apparent labyrinth factor g describes the geometry of the diffusion 
path of the adsorbed ions as well as the effect of the forces exerted upon 
them by the electrical charges of the colloid particles. 

For the object proposed, knowledge of the mobilities of adsorbed ions in 
suspensions is needed. If a paste is diluted into a suspension the labyrinth 
factor h for the particles in solution approaches the limiting value 1. If, 
however, in the suspension the motion of the adsorbed ions is restricted to 
the same surfaces of the colloidal particles as it is in the paste the factor g 
for the adsorbed ions may be expected to remain constant upon dilution 
independent of the shape of these surfaces. As a consequence of the frequent 
transitions between the solved and the adsorbed states the above conclu- 
sion holds irrespective whether the surfaces touch one another or not. 
Therefore, the values of g determined by diffusion experiments in pastes 
may be applied to dilute suspensions too. In suspensions a complication 
arises if the colloidal particles show a directed motion as in the case of 
electrophoresis. In a following paper (2) in which the results of the present 
diffusion experiments will be applied to the comprehension of the Donnan- 
e.m.f. allowance will be made for this effect. 

The value for y reported in Table II is in agreement with Marshall’s 
results (17) in the case of montmorillonite but not in the case of kaolinite. 
Marshall, however, calculated his fractions active from e.m.f.-measurements 
in salt-free suspensions instead of in salt-containing pastes. 

An extension of the measurements reported here with other ions adsorbed 
is desirable. The results of Spiegler and Coryell (3) and of Heymann and 
O’Donnell (9) suggest that g is lower for polyvalent ions and for the ions 
from the subseries of the periodic table; probably a relation exists between 
the displacing power of the ions in exchange reactions and their retardation 
in the adsorbed state. Especially data about the mobility of adsorbed cal- 
clum 1ons are wanted (2). Experiments with ratios n/s varying between 0 
and 1/2 may provide a test of the theory used. 
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INTRODUCTION 


_ A series of methacrylate polymers, synthesized, fractionated, and char- 
‘acterized at the Samuel Feltman Ammunition Laboratories, Picatinny 
Arsenal, has been made available for measurements of dynamic mechanical 
properties in this Laboratory, encompassing in each case the transition 
from rubberlike to glasslike consistency. These studies extend our earlier 
work on polyisobutylene (1), polystyrene (2), polyvinyl acetate (3), and 
‘polymethyl acrylate (4). The cooperative program with the Arsenal will 
provide an opportunity for correlation of properties in dilute solution, 
studied by Mr. J. D. Matlack and his associates (5, 6), with mechanical 
properties of the undiluted polymers. 

The presence of long side chains introduces some phenomena not per- 
ceived in the vinyl polymers previously studied here (1—4). Specific mechani- 
cal loss mechanisms attributed to side-chain motions have been detected 
near or below the glass transition temperature (7',) by Hoff (7) in many 
polymethacrylates. The possibility of such motions coupling with motions 
of the main chain backbone above 7’, has been discussed qualitatively by 
Koppelmann (8) in terms of the Platzwechsel concept of Miller (9). We 
have found it possible to separate, at least approximately, the loss con- 
tributions of backbone and side chain motions and to evaluate the re- 
tardation spectra and their temperature dependence for both. The analysis 
is facilitated by dielectric dispersion data obtained by Strella at Picatinny 
Arsenal (10). 

The present paper reports data on two fractions of polyethyl metha- 
erylate. The properties of this polymer in dilute solution have been investi- 
gated by Chinai and Samuels (6). 


1 Part XXV of a series on Mechanical Properties of Substances of High Molecular 
Weight. 

2 Now at Carleton College, Northfield, Minnesota. 

3 Now at The Chemstrand Corporation, Decatur, Alabama. 

4 Now at the Jet Propulsion Laboratory, Pasadena, California. 
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MaTERIALS AND METHOD 


The synthesis and fractionation of the polymer have been described (6). — 
The two fractions used in this study, FF-1 and FF-2, had weight-average | 
molecular weights of 1.73 X 108 and 0.164 X 10°, respectively. They had | 
been dried from frozen benzene solution, and were further dried 7m vacuo 
for several days before molding. 

Measurements of the complex shear compliance (J* = J’ — iJ”) were | 
made with the Fitzgerald Apparatus manufactured by Atlantic Research | 
Corporation, Alexandria, Virginia, which is similar to the double transducer 
of Fitzgerald and Ferry (11). Three pairs of disc-shaped samples of each 
fraction were employed, molded at 250°F. and 10,000 lb./sq. in. The samples 
were quite clear and light brown in color. They were introduced into the | 
apparatus while supported by specially designed inserts, warmed by a | 
blast of hot air until they softened, and then compressed slightly between 
the sample slabs of the floating mass and the driving tube flats, to provide | 
good contact with both surfaces. 

The sample coefficients (A1/hi + A2/he, where A and h are the respective 
face areas and thicknesses) were calculated at room temperature from the 
masses of the samples, the density, p (estimated as 1.122 g./cec. at 25°C.), 
and the values of h measured in situ after compression. At other tempera- 
tures, sample coefficients were calculated assuming no change in thickness 
with a volume expansion specified by values of a (the thermal expansion 
coefficient) of 2 X 10-4 deg.—! below 7, and 6 X 10-4 above T,. The value 
of T, was taken as 62°C., as determined for a similar sample by Mandel- 
kern and Quinn (12). (These authors have also reported 7’, for a sample of 
polyethyl methacrylate from their own laboratory as 65°C., together with 
a value of p at 25°C. of 1.125, in reasonable agreement with the above.) 
Detailed descriptions of the samples follow. 

Fraction FF-1. Samples 58, approximate dimensions 114g in. diam. by 
389 in. thickness, were compressed in the apparatus about 7% and the 
sample coefficient was 24.18 cm. at 130°C. Measurements were made at 
approximately 5° intervals from 110° to 135°C., with subsequent check runs 
at 110° which agreed satisfactorily with the initial results. (The exact 
temperatures are given in the legend of Fig. 1.) 

Samples 61, approximate dimensions 114 in. by %. in., were compressed | 
about 8%, and the nominal sample coefficient was 52.10 cm. at 130°. 
Measurements were made at approximately 5° intervals from 130° to 155° 
with subsequent check runs at 135° and 130° which agreed with those | 
ee the upward temperature sequence. The values of J’ and J” at over- 
EA vou orenne were larger than those of Samples 58 by about 8%, | 

he ratios J”/J’, which are independent of the sample coefficient, | 
pete good agreement; the difference in J’ and J” was attributed to an 
error in the sample coefficient of Samples 61 (difficult to measure because | 


| 
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J’ In CMY/DYNE (Logarithmic) 
J” IN CMYDYNE (Logarithmic). 
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Fia. 1, Variation of the real part of the dynamic shear compliance, J’ (left) and 
the imaginary part, J” (right) with frequency for polyethyl methacrylate FF-1 
at 16 temperatures; numbers correspond to the temperature sequence 79.7, 85.2, 
89.8, 95.0, 99.9, 104.7, 108.7, 114.6, 119.4, 124.7, 129.2, 135.5, 189.9, 144.4, 149.8, and 
155.0°C. 


of their extreme thinness), and the data for the latter were corrected by 
an empirical factor of 0.92. 

Samples 77, approximate dimensions 3/¢ in. by 546 in., were compressed 
about 5%, and the sample coefficient was 3.76 cm. at 125°C. Measurements 
were made at approximately 5° intervals from 110° to 125°, followed by a 
downward sequence at approximately 5° intervals from 105° to 80°, and 
then a satisfactory check run at 110°. The values of J’ and J” at overlapping 
temperatures agreed well with those of Samples 58, and no empirical cor- 
rection was required. 

Fraction FF-2. Samples 63, 1146 in. by 342 in., were compressed about 
5%, and the sample coefficient was 23.57 at 130°C. Measurements were 
made at approximately 5° intervals from 110° to 140°, followed by a satis- 
factory check run at 110°. (The exact temperatures are given in the legend 
of Fig. 2.) 

Samples 71, 1146 in. by 2 in., were compressed about 8%, and the 
_ nominal sample coefficient was 53.9 at 130°C. Measurements were made at 

approximately 5° intervals from 130° to 155°, followed by a satisfactory 
check run at 130°. Values of J’ and J” at overlapping temperatures agreed 
fairly well with those of Samples 63, but better agreement was obtained by 
applying an empirical correction factor of 1.04. 

Samples 76, 346 in. by 546 in., were compressed about 8%, and the 
nominal sample coefficient was 3.265 at 125°C. Measurements were made 
at approximately 5° intervals from 110° to 120°, followed by 100°, 105°, 
and a downward sequence from 95° to 75°, a satisfactory check run at 110°, 
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Fria, 2. Variation of the real part of the dynamic shear compliance, J’ (left) and 
the imaginary part, J” (right) with frequency for polyethyl methacrylate FF-2 at 17 
temperatures; numbers correspond to the temperature sequence 74.6, 79.8, 84.6, 
89.8, 94.8, 99.9, 104.7, 110.8, 114.9, 118.8, 124.4, 130.1, 135.4, 140.2, 145.1, 150.0, and 
its EO}, 


and finally 125°. Values of J’ and J” at overlapping temperatures were 
about 7 % higher than those of Samples 63—a difference readily attributable 
to bulging of the thicker samples, as explained in previous communications 
(11). The data for Samples 76 were accordingly corrected by an empirical 
factor of 0.93. 


RESULTS 


The original data for J’ and J”, measured at 17 temperatures from 75° 
to 155°C., and at numerous frequencies between 24 and 2400 cycles/sec. 
at each temperature, are shown for the two fractions in Figs. 1 and 2. 
Where data on different samples were taken at the same frequencies and 
temperatures, the values have been averaged. 

The values for the two fractions at corresponding temperatures are 
practically identical, except that J” is slightly higher for Fraction FF-2 
at the highest temperatures and lowest frequencies. The expectation is 
thus fulfilled that mechanical properties in the transition region between 
rubberlike and glasslike consistency will be independent of molecular 
weight so long as the latter is fairly high; in this case the agreement is within 
experimental error, except at the extreme rubberlike end, though the 
molecular weights differ by a factor of over tenfold. 

For reduction to a standard temperature, chosen as 100°C), J rand i 2, 
were calculated by the usual formulas (13), using the thermal expansion 
coefficients given above. The value of J,, the limiting high frequency 
compliance, was chosen as 10-19 dyne/cm.?, but its choice was not critical 
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because the temperature range where J’ is small lies close to the reference 
temperature. 

Although logarithmic plots of J”, at different temperatures from 90° 
to 155°C. could be superposed quite well by the usual arbitrary shift 
factors ar, and plots of J’, could be superposed from 140° to 155° by identi- 
cal shifts, outside these temperature ranges the method of reduced vari- 
ables proved to be inapplicable. This failure, the first which has appeared 
among the numerous amorphous polymer systems studied in this Labora- 
tory, was attributed to the presence of a secondary relaxation mechanism 
as detected in polymethyl methacrylate by several investigators (14-18) 
and by Hoff in other methacrylate polymers (7). The temperature de- 
pendence of the relaxation times associated with the secondary mechanism 
(involving side chain motions, and symbolized by 6 following Hoff) is 
different from that for the primary mechanism (involving chain backbone 
motions, and symbolized by a). The method of reduced variables applies 
only in ranges of temperature and frequency where the compliance con- 
tributions of the secondary mechanism are comparatively negligible. 

Where the latter condition was fulfilled—above 90°C. for J” and above 
140° for J’—the empirical a7 values followed closely an equation of the 
WLF form (19): 


log ar = —c,°(T — To) /(c2° + T — T»). [1] 


Here for convenience the reference temperature is chosen as 7) = 373°K. 
instead of the adjustable 7, which corresponds to certain approximately 
universal values of c, and c2. With the value of 7, = 335°K., and formulas 
previously given (19), the values of c;’ and c,’ appropriate to 7’, as reference 
temperature may be calculated, and from these the parameters f, and 
ay which represent the fractional free volume at 7’, and its expansion co- 
efficient relative to the total volume (20). All these values are given in 
Table I. The fact that f, and ay are close to the figures for other polymers 
in which reduced variables are applicable throughout the transition zone— 
the approximate “universal’’ values being 0.025 and 4.8 X 10~* deg.1, 
respectively—supports the conclusion that Eq. [1] correctly describes the 


TABLE I 
Parameters for Temperature Dependence of «a Mechanism 
Fraction FF-1 Fraction FF-2 
Reference 7’) = 373°K.: 1° 11.92 11.18 
C2°, deg 108.8 103.5 
Reference 7, = 335°K.: C1’ 18.3 17.6 
Co’, deg 70.8 65.5 
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temperature dependence of chain backbone motions. It will therefore be 
used to calculate ar values for the a mechanism over the entire temperature 
range, in the analysis which follows. 


ANALYSIS OF a AND 6 MECHANISMS 
Relative Weighting of the Two Mechanisms 


Both @ and B mechanisms involve groups of processes, of course, with 
distributions of retardation and relaxation times. It is assumed that the 
overall retardation spectrum L is the sum of L, and Lg. From the well- 
known relations between L and the complex compliance (21) 


ime 13 L/Q +7) dinr [2] 


and 


J” = ie wrL/(1 + w7) dint + 1/wn [3] 


it follows that J’ = J’, + J’gand J” = J”, + J”. From various sources 
of information on polymethyl methacrylate (14-18), it is evident that 
with decreasing temperature ZL, moves to long times more rapidly than 
Tg, and the same may be presumed true for polyethyl methacrylate. 
Thus at low temperatures the two mechanisms become separated with the 
dispersion region of the a mechanism being associated with such very 
long times that they are actually out of the range of our frequency scale, 
and our measurements reflect primarily the 6 mechanism. At high tempera- 
tures, on the other hand, the two mechanisms overlap; but at high tempera- 
tures and long times (low frequencies), J’. and J”. are so large that J’g and 
J”; make negligible contributions, and our measurements reflect primarily 
the a mechanism. 

Where the two mechanisms overlap, the effect of the 8 mechanism would 
be much more apparent in the relaxation spectrum & than the retardation 
spectrum L. This may be seen from the relation of Gross (21) 


$0 oe 
= - : 
E a ie | Geo L(u) aa 4 PGT [4] 
UT] 0 u(r — u) 


where G,, is the limiting high-frequency rigidity modulus and 7 is the 
steady flow viscosity. In the region of interest, 7G.,/n « 1, and the above 
may be approximated, if L is a fairly broad spectrum, by 


Z L(7) 
a | ac Lim Ldln vu] rr) [5] 


where J,, = 1/G,,. It is clear from Eq. [5] that @ at a point 7 on the time 
scale depends not only on ZL at that point but also on the integral under 
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L from that point out to shorter times—where the effect of the 8 mecha- 
nism will be most prominent. Accordingly, if we wish to minimize the 
effect of the 8 mechanism, we should analyze L (or compliance) rather 
than & (or rigidity); moreover, of the two components of compliance, we 
should choose J” because Eqs. [2] and [3] show that it is weighted more at 
long times than is J’, whereas J’ by contrast is weighted at short times 
where the 8 anomaly appears. This explains why the method of reduced 
variables, with az given by Eq. [1], is applicable to the J” data over a 
much wider temperature range than to the J’ data. 

In the detailed analysis, only one fraction is treated because the proper- 
ties of the two are so nearly identical. For this, FF-2 was chosen because 
the data for it are slightly more extensive. 


First Approximation to the «a Mechanism 


Insofar as the reduced compliance data superpose, they may be taken 
as representing the a mechanism at 100°C.; the composite curves, not shown 
here, provide J’ over a range of log war (where w is the circular frequency) 


from —1.7 to 0, roughly, and J” from —1.7 to 3. But there is no way of 


extrapolating these curves to higher frequencies. As an expedient, there- 
fore, it was assumed that their shapes at high frequencies would be ap- 
proximately the same as those for polyisobutylene. The latter was chosen 
because it also has disubstituted carbon atoms (a feature which is ap- 
parently important in determining the shape of the dispersion (20)) and 
its dispersion is accurately known (1). It has the disadvantage that its 
loss tangent as a function of frequency is somewhat asymmetrical and 
probably atypical. However, the distortion introduced by this feature is 
believed to be slight. 

In comparing different polymers, all contributions to J* should be propor- 
tional to Mo/p (where M, is the monomer molecular weight and p the den- 
sity), an inverse measure of the number of monomer units per unit volume. 
The ratio of Mo/p for polyethyl methacrylate to that for polyisobutylene 
is 1.71, and composite curves for J’ and J” for polyisobutylene were ac- 
cordingly multiplied by this factor. It was then found that such curves 
(logarithmic) for polyisobutylene at 25°C. did indeed coincide with the low- 
frequency composite curves of J’ and J” for polyethyl methacrylate at 
100° when empirically shifted 4.23 decades on the logarithmic frequency 
scale. Accordingly, the shifted polyisobutylene curves were taken to repre- 
sent J’, and J”, for polyethyl methacrylate in first approximation. 


First Approximation to the 8B Mechanism 


The above values of J’, and J”, were subtracted from J’ and J” at 
each temperature at corresponding values of reduced frequency to give 
J's and J”. At high reduced frequency, the subtracted corrections were 
small, so the uncertainty as to whether the modified polyisobutylene 
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values are correct is not serious here. A plot of J’, against J”, in the com- 
plex plane gave a Cole circular arc (22) with maximum and minimum values 
of J’s as 0.9 X 10-® cm.?/dyne and zero, respectively, and maximum Js as 
0.13 X 10-° cm.2/dyne; the Cole parameter a was 0.648. The minimum 
value of J’s is zero because J,, is defined as part of J’.. The maximum value 
is not unreasonable compared with dynamic measurements by Schmieder 
and Wolf (15) on various polymers at roughly constant frequency, where 
the shear modulus G’ shows a secondary plateau of the order of 10° to 
109-5 dynes/cm.? in certain temperature ranges in addition to a higher 
plateau at lower temperatures. A similar plateau is seen in the measure- 
ments of Maxwell (18) on polymethyl methacrylate. The fit of the data to 
a Cole plot lends some confidence to the analytical procedure. There were, 
however, few reliable points on the right half of the arc, and the estimated 
maximum J’, may be somewhat too high. 

Logarithmic plots of J’s and J”, against waz did not of course super- 
pose, since the a7 factors appropriate for the a mechanism cannot serve 
also for the 8 mechanism. They could, however, be superposed by empirical 
horizontal shifts representing log arg — log az, where azg is the reduction 


Loc wa, 


Fia. 3. Real and imaginary parts of the complex compliance of the 6 mechanism 


e eee re reduced to 100°C. (on the basis of a constant apparent activation 
oh Cees seal and plotted logarithmically against reduced frequency. Pip down 
ig .6°C.; successive 45° rotations clockwise correspond to increasing temper- 


atures at approximately 5° intervals (exact temperatures given under Fig. 2). 
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factor for the 8 mechanism. From such shifts, accompanied by values 
of log ar derived from Eq. [1], log avg was calculated. From 75° to 105°, 
log arg was a linear function of the reciprocal absolute temperature with a 
slope corresponding to an apparent energy of activation of 31 kcal. Above 
105°C., the data were somewhat scattered because the J, components 
represent small differences between J and J.. 

Strella and Zand (10) have studied the dielectric dispersion of the same 
two fractions of polyethyl methacrylate over the temperature range from 
—74° to 133°C. Comparison with Hoff’s data on polymethyl methacrylate 
(17) indicates that the principal dispersion in their data represents the 8 
mechanism. Although at lower temperatures the dispersion changes 
markedly in shape with temperature, preventing the direct application of 
reduced variables, from 107° to 133° (Fraction FF-1) the shape is fairly 
constant; reduction factors br (11) obtained in this range and referred to 
100° fall on the same logarithmic plot against 1/7 as the above described 
Gre factors, lending confidence to the value of 31 kcal. for the apparent 
activation energy of this mechanism. From the latter, values of arg were 
calculated at temperatures above 105° so that all the mechanical data for 
the 6 process could be plotted with reduced variables. 

Figure 3 shows J’g and J”s reduced to 100°C. in this manner. The super- 
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Fra. 4. Real part of the complex compliance of the a mechanism for Fraction FF-2 
reduced to 100°C. (on the basis of the WLF equation with the coefficients given in 
Table I) and plotted logarithmically against reduced frequency. Temperature key 
same as in Fig. 3. 
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Loa Wa, 


Fra. 5. Imaginary part of the complex compliance of the a mechanism for Fraction 
FF-2 reduced and plotted as in Fig. 4. The dashed line gives the reduced imaginary 
compliance for Fraction FF-1. 


position is fairly good (except for J”, at the lowest temperatures), and 
shows the general features of a moderately broad dispersion. 


Second Approximation to the a Mechanism 


Smoothed values of J’s and J” were finally taken from Fig. 3 and sub- 
tracted from J’ and J” at corresponding values of war to obtain revised 
values of J’, and J”,. The latter are plotted logarithmically against 
war in Figs. 4 and 5. The superposition is extremely good except near the 
middle of the J’ plot, giving further confidence in our rather indirect 
procedure of analysis. The validity of this separation of mechanisms is 
also borne out by a similar analysis for poly-n-butyl methacrylate (23) 
which does not require introducing the dispersion of polyisobutylene. 


DISTRIBUTION FUNCTIONS 


The retardation spectra or distribution functions, L, have been calcu- 
lated for the two mechanisms from the data of Figs. 3-5 by the second 
approximation formulas of Williams and Ferry (24), and are given in Table 
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TABLE II 
Relaxation and Retardation Distribution Functions Reduced to 100°C. 
Log Lp ( cm.2/dyne) Log Sp (dyne/em.?) 
Log Tp a Se ee 
(sec.) From J’ From J’”’ From G’ From G” 
a Mechanism 
—5.0 —11.15 —11.01 9.23 9.10 
—4.5 —10.91 —10.61 9.40 9.27 
—4.0 —10.42 —10.31 9.27 9.30 
—3.5 —10.11 —10.00 9.03 9.04 
—3.0 —9.84 —9.69 8.70 8.78 
—2.5 —9.55 —9.41 8.36 8.51 
—2.0 —9.26 —9.14 8.09 8.19 
—1.5 —8.94 —8.88 7.83 7.89 
—1.0 —8.63 —8.63 7.50 Ueao 
—0.5 —8.25 —8.23 7.14 ie, 
0 —7.85 —7.86 6.82 6.77 
0.5 —7.51 —7.52 6.49 6.42 
1.0 —7.28 —7.36 6.29 6.15 
1.5 —7.14 —7.24 6.05 5.84 
B Mechanism 
—5.5 —10.69 —10.74 9.71 9.65 
—5.0 —10.47 —10.57 9.51 9.40 
—4.5 —10.29 —10.42 9.32 9.18 
—4.0 —9.98 —10.23 9.08 8.90 
—3.5 —9.90 —10.10 8.86 8.51 
—3.0 —9.82 —10.08 8.68 8.25 
—2.5 —9.79 —10.13 8.45 8.07 
—2.0 —9.93 —10.15 8.17 7.83 


II. The agreement between calculations from real and imaginary compo- 
nents is quite good except for the long time end of the 8 mechanism, where 
the values from J’, are probably not too reliable. The distribution function 
from the 8 mechanism has also been calculated analytically by the formula 
of Cole and Cole (22), using the parameters determined from the circular 
arc plot, and it agrees fairly well with the graphical calculation, as shown 
in Fig. 6. The overall retardation spectrum, the sum of the two individual 
mechanisms at 100°C., is also reproduced in Fig. 6. 

The relaxation spectra or distribution functions, ®, have also been 
calculated from corresponding plots of the complex shear modulus and are 
given in Table II. Again, the agreement between calculations from real 
and imaginary components is quite good except for the values from G’g at 
long times. The relaxation spectra are plotted in Fig. 7. 

It may be remarked that the overall function L at any other tempera- 
ture than 100° may be obtained by an appropriate shift of the a and B 
curves in Fig. 6 relative to each other followed by addition of the individual 
L values (not their logarithms as plotted). At lower temperatures, the 8 
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Loc ‘TIN SEC, REDUCED TO 100 
Fia. 6. Retardation distribution functions of the two mechanisms reduced to 
100°C. Points top black, from J’; bottom black, from J”. The dashed line gives the 
total retardation distribution function at 100°C.; dotted line, the 6 distribution cal- 
culated from the Cole are plot. 
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Fia. 7. Relaxation distribution functions of the two mechanisms at 100°C. Points 


top black, from G’; bottom black, from @”. Th ante : 
retical slope of —1/2. ) . The dashed line is drawn with the theo- 
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curve will lie further exposed to the left; at higher temperatures, it will 
lie relatively to the right and become increasingly submerged by the a 
curve. The overall function @ cannot, however, be obtained by any such 
simple procedure. 


Discussion 
Temperature Dependence 
The temperature dependence of relaxation times in the a mechanism is 
described by the parameters in Table I. The values for the two fractions 
are close together, and it is doubtful whether there is a significant de- 
pendence on molecular weight in this range. 

The temperature dependence of relaxation times in the 8 mechanism 
does not follow the WLF equation, but can be described within experi- 
mental error by a constant apparent activation energy of 31 kcal. This is 
comparable with estimates for the activation energy of the 8 mechanism in 
polymethyl methacrylate (14-17); in particular, Iwayanagi and Hideshima 
(14) obtained 29 kcal. 

It is of interest that the apparent activation energy of the a process, cal- 
culated from the WLF equation (19), is 69 kcal. at 100°C., but would fall 
to 31 keal. at 189°C. (127° above 7). At this scarcely practical tempera- 
ture, the a and 6 mechanisms would shift with temperature at the same 
rate and would not be separable. Moreover, the 8 mechanism would lie so 
far to the left on the frequency scale that J’, would always exceed J’, by 
several powers of ten, and the latter would scarcely be distinguishable in 
any case. This is probably the situation in most amorphous polymers even 
a short distance above their glass transition temperatures; our measure- 
ments, extending usually down to within 25° of 7,, have never before 
revealed 8B anomalies, even though others’ measurements near or below 
the glass transition have shown secondary loss mechanisms in some of the 
polymers we have studied. It is implied, then, that in polyethyl metha- 
erylate the side chain motions are more rapid relative to the backbone 
motions than in the other polymers with shorter side chains. 


Time and Frequency Dependence 

The retardation and relaxation spectra associated with the a mechanism 
are normal and similar in shape to those of other polymers; the shape of the 
function & resembles that for other disubstituted carbon chains (20) 
rather than the more sharply curved spectra which appear to be character- 
istic of monosubstituted chains. 

A tangent drawn to the ® curve with the theoretical slope (25, 26) of 
—1/2, as indicated in Fig. 7, provides the usual calculation of the mono- 
meric friction coefficient. Taking for a, the root-mean-square end-to-end 
distance per monomer unit, the value of 5.9 A. derived from light-scat- 
tering measurements in a 9 solvent (6), we obtain log ¢ (in dyne sec./cm. 
at 100°C.) = —0.21. Reduction to 7, using the data of Table I, gives 
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log {> = 6.22 at 335°K. This is of the same order of magnitude as the 
friction coefficients of polymethyl acrylate and polyvinyl acetate at their 
respective glass transition temperatures (20), indicating similar mobilities 
of the chain backbones when compared in this manner—despite the steric 
hindrance in polyethyl methacrylate which is evident in molecular models. 
The retardation and relaxation spectra associated with the 8 mechanism 
are probably not too reliable in view of the method of calculation, but are 
clearly rather broad in shape. The only other polymer for which the retarda- 
tion spectrum of the 8 mechanism can be adduced from published data 
appears to be polymethyl methacrylate; the data of Iwayanagi and associ- 
ates (27) and of Lethersich (28) lead to a much broader spectrum still. 
On the other hand, that for poly-n-butyl methacrylate is considerably 
sharper. A quantitative comparison will be made in a later communication. 


Influence of Molecular Weight 


In Fig. 5, where the points are derived from data for Fraction FF-2, 
a dashed line is also drawn to show the slight divergence of J” for Fraction 
FF-1 at low reduced frequencies. The difference would also be reflected 
in the spectrum L at long times. It is probably associated with differences 
in the disposition of the entanglements (29) which are responsible for the 
plateau in the relaxation spectrum and the first maximum in the retardation 
spectrum (26). It may, however, reflect the 1/wy term in Eq. [3]; measure- 
ments of steady flow viscosity are not yet available to test this possibility. 
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SUMMARY 


The real (J’) and imaginary (J”) components of the complex compliance 
have been measured between 24 and 2400 eycles/sec. in the temperature 
range from 75° to 155°C. for two fractions of polyethyl methacrylate of 
weight-average molecular weights 1.73 X 10° and 0.164 X 10°. The date 
were practically identical for the two fractions except that J” was slightly 
higher at the highest temperatures and lowest frequencies for the lowe! 
fraction. The method of reduced variables did not give superposed curve: 
for J’ and J : over the entire temperature range. However, the data coulc 
Ne analyzed in terms of two additive mechanisms; for the a mechanism 
J’ and J” superposed with reduction factors ar Whose temperature de 
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pendence followed an equation of the WLF form, and for the 8 mechanism 
they also superposed with reduction factors arg whose temperature de- 
pendence corresponded to a constant activation energy of 31 kcal. The co- 
efficients of the WLF equation, reduced to the glass transition temperature, 
were similar in magnitude to those observed in other polymers. Relaxation 
and retardation spectra have been calculated for both mechanisms. Those 
for the a mechanism, attributed to the usual chain backbone motions, 
resemble in form those for other disubstituted vinyl chains; the friction 
coefficient per monomer unit in backbone motion has been calculated from 
the extended Rouse theory. The spectra for the 8 mechanism, attributed 
to side chain motions, are relatively broad. The relative locations of 
the two mechanisms on the time scale change rapidly with temperature. 
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INTRODUCTION 


Better understanding of the fundamental laws governing fluid flov 
through petroleum-reservoir rock is a key to engineering development: 
capable of improving the efficiency of petroleum production methods. Th 
flow of fluids in a natural petroleum reservoir usually involves a multi 
phase system of gases and liquids flowing through heterogeneous porou 
materials. However, the understanding of a simple, homogeneous systen 
is a prerequisite to the understanding of the more complicated system 
found in petroleum reservoirs. 

Many investigators have studied the single phase flow of pure liquid 
through unconsolidated sand beds (1-4, 14), and some have studied floy 
through consolidated media (5-10). As a result of these investigations 
several anomalies have been reported from time to time in the literature 
but most of these have been explained by later workers. However, an in 
crease in permeability to an electrolyte solution accompanying an in 
creasing concentration of the electrolyte and an increase in permeabilit; 
when the surface of the porous medium is made nonwetting to the flow 
ing liquid (7, 15), still are controversial subjects. Templeton (11) recentl 
has shown that the flow of fluids in capillaries 4 » in diameter may b 
described adequately by Poiseuille’s law. An explanation of the elec 
trolyte-concentration and wettability effects would determine the af 
plicability of Poiseuille’s law to the flow of homogeneous fluids throug 
inert, consolidated, porous media as well. 

The effects of wettability and electrolyte concentration on singl 
phase flow through porous media were investigated. Wettability we 
controlled by using coatings on the surfaces of the porous media an 
surface-active substances in the liquids. The effects of wettability on flui 
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» distribution in pores that have only a single opening and in unique in- 
tersecting-capillary systems have been observed. Correlations of the per- 
* meability data with microscopic observations of these systems indicate 
_ that differences in wettability may affect fluid distribution, which in 
_ turn affects permeability if complete liquid saturation of the porous 
- medium is not achieved. 


EXPERIMENTAL 


Materials 


h The alundum (aluminum oxide) used for the flow studies was obtained 
. from the Norton Co., Worcester, Massachusetts, in rods having permea- 
- bilities of approximately 200 and 1000 millidarcys. 

_ The samples used for study were cut from these rods with diamond- 
edged tools and cleaned by boiling them in mixtures of nitric and sulfuric 
_ acids; the acid salts were removed by prolonged flushing with boiling and 
} distilled water. Alternate heating and cooling of the cleaning solutions 
_ caused them to be flushed through the pores of the alundum. Final re- 
moval of any remaining organic material was accomplished by heating 
} the alundum samples to a red heat. 

_ The liquids used in the flow study were water, acetone, and isooctane. 
) The water was distilled originally from alkaline potassium permanganate 
(KMnO,) and then redistilled and cooled immediately before it was in- 
troduced into the apparatus to eliminate dissolved air that might form 
_ bubbles in the porous medium. Water was found to be usable for a maxi- 
mum of 5 days without restricting flow apparently by the growth of micro- 
organisms not removed by filtration (2). 

The acetone was ACS reagent grade obtained from Fisher Scientific 
Co. Studies of its surface properties indicated that it contained no surface- 
active impurities. Therefore, it was used without further purification. The 
‘Gsooctane” (2,2,4-trimethylpentane) was the purest grade obtainable 
from the Rohm & Haas Co. Before being used, it was passed through 
Davison silica gel (28- to 200-mesh) and distilled over sodium in an at- 
mosphere of helium. Physical constants for the isooctane were compared 
| with National Bureau of Standards values in an earlier report (2). 


Apparatus 


Figure 1 is a diagram of the permeability apparatus, which was of the 
pressure-decline type (2). The apparatus is designed to eliminate contact 
of the flowing fluid with stopcock grease and to minimize contact with 
air before its permeation through the alundum plugs. The overflow tube 
and the pressure manometer are of the same diameter to compensate for 
surface-tension effects. 
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RESERVOIR 


PRECISION BORE TUBING 


ALUNDUM CORE 


Fia. 1. Pressure-decline permeability apparatus. 


Porous Alundum Media 


The alundum samples were sealed in Pyrex tubing by placing each 
precleaned test sample in a closely fitting glass tube equipped with a 
means for evacuating the tubing and sample and, at the same time, al- 
lowing rotation of the assembly. The glass was heated evenly with an 
oxygen-gas torch to red heat and forced against the sample by atmos- 
pheric pressure during evacuation of the tube. Continued heating caused 
the glass to fuse to the surface of the sample, forming a liquid-tight bond 
between the glass tube and the porous medium. Extreme care was re- 
quired to avoid folding of the glass over the ends of the porous plug during 
heating and evacuation. The assembly was annealed carefully and sealed 
to the rest of the apparatus (Fig. 1). 

X-ray diffraction studies showed that the alundum was substantially 
pure corundum. Heating to 550°C. (red heat) caused no detectable changes 
in crystalline structure of the alundum, and prolonged heating at 1000°C. 
resulted only in slightly greater crystalline perfection. Therefore, the 
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TABLE I 
Properties of Alundum Samples 
Manufacturer’s _ specifications Experimental data 
Permeability Permeability Pay, Length Diameter Weight 
Sample no. (md.) (md.) (%) (cm.) (cm.) (gm.) 
TA-7921 1000 960 28 .2 4.045 2.540 58.6973 
TA-7916 200 196 26.5 3.525 1.886 28.9615 


sealing process at 550°C. would not be expected to alter the structure of 
_ the alundum. However, such drastic treatment may fracture the porous 
’ body or cause molten glass to enter the outer pores. 

The permeabilities of the sealed samples to air were determined at a 
mean pressure of about 1 atm. These measurements were used to test the 
| sealing method and were not intended to correlate with liquid permea- 
_ bility values. Therefore, the Klinkenberg (8) effect, which is small for 
_ flow through highly permeable media, was neglected. Comparison of the 
manufacturer’s specifications, average permeability measurements made 
with air, and properties of the test samples are shown in Table I. 

The permeability of each test sample to air was measured at intervals 
_ throughout the investigations and did not change beyond the limits of 
experimental error even when the surfaces were coated with Silane. 


Capillary Systems 


Special “‘blind-pore systems” used in this study were prepared by blow- 
ing a “bubble” on the side of a conventional capillary tube. The openings 
from the capillary to the blind pores were considerably larger than the 
capillary proper. The capillary was immersed in a liquid having the same 
refractive index as the glass to eliminate optical interferences with photog- 
raphy. 

Intersecting-capillary systems used in this study were prepared by 
grinding minute grooves, intersecting at right angles, on a piece of plate 
glass. These grooves were polished, and a second piece of plate glass was 
fused to the first in an annealing oven. The resulting capillary systems 
are unique in that the capillaries have practically no distortion at their 
intersections. 

The depths of the capillaries about equaled their widths. Photomicro- 
graphs of the capillaries are shown in Fig. 4. As seen in this figure, the 
diameters of the horizontal and vertical capillaries were 0.033 and 0.040 
cm., respectively. The outer ends of the horizontal capillary were sealed 


to trap the air contained in it. 
Experimental Methods 


It is evident that Calhoun and Yuster (5) realized the importance and 
difficulty of achieving 100% liquid saturation of the porous bodies from 
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the precautions taken in preparing samples for flow tests. In a study in 
this laboratory, one of the 200-md. alundum samples continued to evolve 
small amounts of gas after it had been evacuated for 600 hours at room 
temperature and 0.03 mm. Hg. This is another indication of the difficulty 
of evacuating porous materials. The average pore diameter in a 200-md. 
porous medium often is of the order of 10 ». At 25°C. the average mean 
free path of air molecules is 5090 » at 1 mm. and 6.69 » at 760 mm. of 
Hg (12). 

In the early stages of the study, the liquids were used in cycles in which 
each liquid was displaced by the next one to be used. For example, per- 
meability values of core TA-7921 to isooctane, acetone, water, acetone, 
and isooctane were determined successively. These results showed that 
the plug properties were unchanged by contact with the liquids. How- 
ever, later studies showed that more reproducible results were obtained 
when the plug was cleaned and dried between determinations. Although 
this method was more tedious, it was adopted because of the increased 
precision. 

The following procedure for saturating permeable test plugs with liquid 
was developed and adopted as the most satisfactory. The plugs and tubing 
were evacuated for several hours, and then a small amount of liquid was 
allowed to enter the system slowly and to vaporize. This vapor was flushed 
through the plug for another period of several hours. Finally, the liquid 
was allowed to enter the bottom of the tube and be imbibed by the porous 
sample. The gases that were displaced from the porous bodies by the 
liquid were pumped away. After the pores and attached tubing were 
filled completely, several pore volumes of the liquid were allowed to flow 
through the test sample to dissolve trapped gases that might remain. 
The removal of gases from the porous medium during a flow test would 
be manifested by an increase in permeability in the succeeding test. 

An attempt was made to increase the saturation of the alundum plug 
by flushing the plug and tubing with a soluble gas before and during the 
evacuation process used above. This procedure resulted in a very small 
but apparently significant increase in permeability. 

Large changes in permeability, such as those caused by the develop- 
ment of new channels or plugging of the existing flow channels, would be 
indicated by a change in the slope of the plot of time versus the loga- 
rithm of the height of the falling meniscus. The slopes of the plots were 
constant within less than 0.5%, indicating that the permeability of the 
porous plug remained constant during each test, as well as from test to 
test. Figure 2 shows the plot of a typical permeability determination 
with isooctane. 


The method of measurement is similar to the viscosimeter measure- 
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Fig. 2. Typical permeability determination. 


ments made by Calhoun and Yuster (5), in that the only variables meas- 
ured were time and height, which are capable of being measured with 
precision and accuracy. 


RESULTS 


Table II summarizes the results of 146 permeability determinations on 
the two test alundum samples with isooctane, acetone, and water with 
water-wet (clean) or oil-wet (Silane-treated) surfaces. 

The permeabilities of the clean alundum plugs to water are slightly 
lower than those measured with isooctane and acetone as the flowing 
fluids. Conversely, the permeability of the Silane-treated plug to water 
is nearly the same as the permeability to acetone; both liquids indicate a 
higher permeability than isooctane. The small differences between values 


_ determined with isooctane and acetone in the clean plugs or between 


water and acetone in the Silane-coated plug are not statistically significant. 
The differences between values determined with water and isooctane or 
acetone in the clean plugs or between isooctane and water or acetone in 
the Silane-coated plug have an average probability of 95% of being valid. 

The overall decrease in permeability caused by the Silane treatment of 
the alundum probably results from a small amount of plugging by the 
Silane, not detectable by the less precise air-permeability measurements. 

Effects of surface tension on permeability values were determined by 
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TABLE II 
Summary of Permeability Measurements (Millidarcys) 
Sample TA-7921 Sample TA-7916 

Liquid Clean Silane Clean 
Tsooctane 975 920 180 
Acetone 971 940 178 
Water 963 945 172 
Number of determinations 32 70 44 
Avg. standard deviation 3 5 2 

(each liquid) 

Maximum deviation, % 1.2 Pee | 4.6 


— 


NON- WETTING WETTING 
Fra. 3. Fluid distribution in blind-pore type capillaries. 


using solutions of Alro Amine-O?, an oil soluble detergent, in isooctane 
and Triton X-1003, a water-oil-soluble nonionic detergent, in water as the 
permeating fluids. Permeability values determined with plug TA-7921 
(clean) and 0.15 wt. % solutions of these detergents did not differ statis- 
tically from values determined with the pure solvents. 

Solutions of KCl in water were used to study the effect of electrolyte 
concentration on the permeability of plug TA-7916 (clean). The average 
permeability values determined with water, 0.01 N KCl, and 1.0 N KCl 
were 172.0, 172.4, and 172.5 md., respectively. The average standard 
deviation of these determinations was 2 md. 

One kind of capillary encountered in consolidated media is the “ink- 
bottle or blind pore.” Figure 3 is a photomicrograph showing the behavior 
of a wetting and nonwetting liquid in such a capillary. The wetting liquid 
again bypasses the opening and allows the trapped gases, shown in black, 
to obstruct the capillary, thereby reducing the size of the channels. A non- 
wetting liquid partly fills the side capillary opening to the vug before the 
liquid advances beyond the opening, thus leaving a completely filled, un- 
obstructed channel for fluid flow during the permeability measurements.‘ 


* Trademark of the Alrose Chemical Co., Providence, Rhode Island. 

* Trademark of Rohm & Haas Co., Philadelphia, Pennsylvania. 

2 The distribution of fluids in pore doublets has been the subject of considerable 
recent discussion: Moore, T. F., and Slobod, R. L., Producers Monthly, Vol. 20, No. 
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Fia. 4. Fluid distribution in wetting and nonwetting intersecting capillaries. 


Figure 4 is a photomicrograph illustrating the fluid distribution in wet- 
ting and nonwetting systems composed of unique intersecting capillaries 


10, pp. 20-30 (1956); Rose, W., and Witherspoon, P. A., Producers Monthly, Vol. 21, 
No. 2, pp. 32-38 (1956). However, it appears that under certain boundary conditions, 
gas may be trapped in the larger of a pair of interconnected capillaries. Such a doublet 
represents another type of capillary network that may account for the differences in 
permeability observed with wetting and nonwetting liquids. 
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described previously. Water was used as the liquid in both systems so that 
the surface tension would be the same in both systems. The wetting system 
was prepared by carefully cleaning the capillaries; the nonwetting system 
was prepared by Silane treatment. Again, it is observed that the column of 
wetting liquid is restricted while the capillary filled with nonwetting fluid 
allows unrestricted flow. 


DISCUSSION 


The experimental results indicate that, for most practical purposes, such 
as the interpretations of petroleum-reservoir behavior from core-laboratory 
measurements, permeability values determined with inert cores in the 
laboratory are independent of the liquid used. This agrees with API Code 
No. 27 (13) on permeability measurement, and also with extensive early 
work (5, 6, 8), but is in contradiction to recent scattered reports of marked 
effects of wettability on permeability (7, 15). 

The small differences in permeabilities of the alundum samples used in 
this study to liquids of different surface properties, however, have theo- 
retical interest. 

Grunberg and Nissan (9) reported a dependence of permeability on the 
surface tensions of the permeating fluids and a large increase in permeabil- 
ity as electrolyte concentration was increased. The experimental results 
with detergent solutions described above show that surface tension does 
not affect permeability. This agrees with the work of Calhoun and Yuster 
(5, 6). The results with KC] solutions corroborate the measurements of 
Calhoun and Yuster (5) and indicate that the earlier results, with plugs of 
comparable permeability (9), are invalid. 

Small differences in the permeabilities of plugs to water and benzene 
were reported by Calhoun and Yuster (5). The results summarized above 
(Table IT) are similar. It appears unlikely that these differences are caused 
by electrokinetic phenomena (16). A possible explanation of these small | 
differences in permeability to various liquids may be deduced from con- 
siderations of the capillary systems described (Figs. 3 and 4). | 

All the liquids used would be expected to spread spontaneously over a. 
clean mineral surface (or to rise in a capillary), such as that present in the | 
clean alundum media, although the attendant decreases in free surface. 
energy would vary considerably. Capillary pressures are directly propor- | 
tional to the surface tensions of the liquids used, if the contact angles are 
the same. As acetone and isooctane have nearly equal surface tensions (20. 
to 25 dynes/cm.), any differences due to capillary-pressure effects should | 
be negligible when these two liquids are used in clean alundum. It was ob- 
served that values of permeability determined with acetone and isooctane 
in clean alundum were statistically the same. Because of much higher sur- } 
face tension of water (72 dynes/cm.), capillary pressures with water in the: 
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same alundum samples would be greater, and effects due to wettability 
would be correspondingly magnified. The data support this conclusion if 
_ permeabilities are decreased by capillary-pressure effects in wetting sys- 
| tems. 

The maintenance of completely water-wet surfaces in a porous alundum 

medium is difficult. The detergent solution helped to assure complete wet- 
ting of alundum, even though the surfaces may have tended to become 
slightly hydrophobic. This increased wetting tendency of the detergent 
_solutions may have masked the effect of lowered surface tension. 
'  Isooctane would be expected to spread spontaneously over a surface 
' treated with Silane, but such a surface is almost entirely nonwetting to 
_ water. Acetone has a finite contact angle with a Silane-treated surface. 
Calculations combining the results of measurements of capillary rise and 
_ surface-tension measurements with the pendent-drop instrument show that 
the contact angle between acetone and a glass surface covered with Silane 
is 25°. Therefore, the capillary properties of acetone do not parallel those 
_ of isooctane in a Silane-treated system. Because of this intermediate con- 
tact angle, acetone would be expected to displace air from the alundum 
samples rather efficiently. The differences in permeability values deter- 
mined with the three liquids and a Silane-treated medium are in harmony 
| with the preceding conclusion that capillary-pressure effects result in 
decreased permeability to wetting fluids. The experimental results indicate 
' that the permeabilities of inert materials are lowered when an efficient wet- 
ting fluid is used. This does not necessarily mean that permeability per se 
is influenced by wettability but may reflect the influence on permeability 
of other variables that are affected by wettability. Degree of liquid satu- 
ration and fluid distribution in the core are two of the most obvious of such 
variables. Many scientists report extreme difficulty in obtaining complete 
liquid saturation of cores, and it is likely that such a condition is seldom, 
if ever, actually attained. 

In laboratory work oil-field cores usually are filled with liquids by tech- 
niques allowing capillary, rather than viscous, forces to control fluid 
distribution during saturation of the cores. Liquid permeability determi- 
nations commonly are made with pressures and flow rates so low that capil- 
‘lary forces again determine fluid distribution if even small amounts of gas 
remain in the cores. This applies particularly to precise permeability 
studies using inert media. Viscous forces may predominate over capillary 
| forces at high pressures and high flow rates. However, if high enough pres- 
sures and rates of flow could be attained, the flowing fluids, whether wet- 
ting or nonwetting, in effect would be represented by the case of the 
“nonwetting fluids at low pressures. Therefore, the effects of wettability 


‘presumably would be eliminated. 
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SUMMARY 


The permeabilities of clean and Silane-treated alundum plugs to liquids 
vary slightly with the capillary properties of the liquids. These effects are 
negligible for practical purposes. 

Solutions of surface-active agents in isooctane and water did not cause 
a significant change from the permeability values determined with the 
pure solvents. 

Studies of fluid distribution in blind-pore and intersecting-capillary 
systems indicate that incomplete liquid saturation probably is the cause of 
the small differences observed in permeability. These studies indicate that 
fluid distribution, and therefore fluid saturation, is affected by wettability. 
The saturation in turn affects the permeability, resulting in an apparent 
relationship between permeability and wettability. Such effects would not 
explain the differences in observed permeabilities of porous media to elec- 
trolyte solutions from those with water. However, the addition of KCl to 
water was found to have no effect on permeability values in the present 
investigation. Although extreme care was taken to obtain complete liquid 
saturation, this condition may not have been achieved. As a result of these 
considerations, it seems logical to attribute the differences in permeability 
to incomplete and variable saturation of the test samples. 
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INTRODUCTION 


The fluorescence polarization method for obtaining relaxation times of 
dissolved macromolecules, developed primarily by Singleterry and by 
Weber (1-4), while suffering from the usual drawbacks of the dynamic 
methods of studying large molecules, possesses several advantages shared 
by no other method. The great sensitivity of the available techniques for 
measuring polarization permits measurements to be extended to concen- 
trations as low as 107% g./l. The method is also free from any nonspecific 
effects of charge or ionic strength, enabling measurements to be made upon 
globular proteins in electrolyte-free water over a range of pH. 

The principal drawbacks of the method are its inability to yield a molec- 
ular weight directly, without the introduction of assumptions as to shape 


and hydration, and the possibility, which sometimes arises, of complications _ 
owing to internal degrees of rotational freedom. To these there has been | 
added, until now, the practical one that the excited lifetimes of the fluores- | 
cent residues most suitable for protein studies had not been measured di- | 
rectly and had to be inferred indirectly by using relaxation times computed | 
from dielectric dispersion methods. As the interpretation of the latter is | 


now somewhat in doubt, it appears to be important for successful applica- 
tion of the method that excited lifetime measurements be made directly 
upon fluorescent protein conjugates. 

The present paper has two main objectives. The first of these is to de- 
termine the excited lifetimes of 1-dimethylaminonaphthalene-5-sulfonic 
acid residues coupled to insulin for a variety of conditions. In this manner 
the suitability of this residue for obtaining relaxation times may be as- 
certained, and in addition the validity of relaxation times heretofore 
computed, using an assumed value for the excited lifetime, may be con- | 


The opinions or assertions contained herein are the private ones of the writers 


and are not to be construed as official or as reflecting the view of the Navy Depart- 
ment or the naval service at large. 
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firmed. Also it is of interest to observe to what extent coupling to the pro- 
tein serves to protect the residue from collisional quenching. 

The second objective is to use combined measurements of polarization 
and excited lifetime to extend studies on the molecular state of insulin into 
regions inaccessible to other techniques. The possibility of working at ex- 
treme dilutions provides an opportunity of eliminating effects due to 
molecular association and makes it possible to obtain information as to the 
effect of various agents upon the limiting molecular state of insulin. 

The fluorescence method is particularly advantageous for the study of 
insulin, inasmuch as the tendency of this protein to associate makes it 
difficult to obtain information as to the properties of the monomer at the 
range of concentrations accessible to the usual methods. Furthermore, the 
method is also well suited to the study of insulin under more drastic condi- 
tions, as in the presence of urea and organic solvents. 


THEORETICAL 


The degree of polarization of fluorescent radiation emitted by a small 
oscillator attached to a large particle in solution has been considered by 
Perrin and by Weber (2-6). In order to reach a useful solution it has proved 
necessary to replace the actual large molecule by an equivalent ellipsoid 
of revolution and in addition to make the following two assumptions. 

a. The solvent medium may be considered as a continuum, the effective 
viscosity for molecular rotation being equal to the bulk viscosity. This 
assumption breaks down, as might be expected, when the bulk viscosity 
reflects the contribution of a macromolecular component comparable in 
size with the particle in question. However, its validity is highly probable 
when the particle to which the fluorescent residue is attached is of a much 


| larger order of size than the solvent molecules. Direct evidence for its 


validity comes from the agreement in the values of limiting polarization, 
P», found by extrapolation of data in water and from direct measurement in 
concentrated sucrose or glycerol (4). 
b. At least one of the following holds: 
1. The axes of absorption and emission are coincident. 
2. The macromolecule is spherical. 
3. The axes of emission and absorption are randomly oriented with 
respect to the mechanical axes of the macromolecule. 
The first two of these obviously hold only in special cases. The third, 


however, is very likely to be the case for protein conjugates, where the 
| fluorescent residue may be attached at any one of a large number of pos- 


} sible sites. 


Weber has derived the following general expression for the polarization 
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of fluorescent radiation, employing assumptions (a) and (b). For unpolarized 
incident light: 


R = (1/P + 1/3)/(1/Po + 1/3) 
3 10 Atel Bs 
Pete (eras eileen 
Ziel Vartan ae e ale 
vilesra |e S \sraber ioa/alceclaaest ee 


where P = polarization 
Ty int Iy/lIv ot. Tre 
Iy, Iz = vertical and horizontal components of fluorescent radiation. 
Pp, = limiting value of polarization at very high viscosities. 
To = excited lifetime. 
po = relaxation time of equivalent sphere of same volume as el- — 
lipsoid. 
N1, N2 = ratios of relaxation times about axes of ellipsoid of revolution 
to relaxation time of sphere. 
For a spherical shape m1 = nz = 1 and [1] reduces to [2]: 


Fen tea le es | oer, [2] 
Po nV 


As po = 3nV/R’T, where V = molar volume and 7 = solvent viscosity? — 
the initial slope of R as a function of 7'/n predicted by [1] is given by [8]: 


Sle ou 1 2 
s-2=3(2+2) (3) 


where S;, So = the initial slopes for ellipsoidal and spherical macromole- 


cules and 
Servlet) 
Ph P1 p2 


Thus p, is a harmonic mean of the relaxation times about the principal | 
axes of the equivalent ellipsoid. | 
aa practice the usual procedure for obtaining p, for standard conditions } 
(20° C. in water) is to plot 1/P + 1/3 asa function of 7/7. Thus pr is | 
related to the initial linear slope by the Eq. [4]: 


° lanl a | 
ph = 3 3 + 5) To (7,) / &« [ay 


The range of T’/n at which appreciable deviation from linearity in 1 /P. 
begins depends upon the values of V/poand ni/no. If ro = 10 2 and V = 104, 


as in the present instance, curvature may be detected at temperatures <50° 
in water if the axial ratio is greater than 5. 


iI 


| 
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Finally some attention should be paid to the significance of Pr, BS COM- 
puted by the above means; p, refers to the average rotational kinetic unit 
to which the fluorescent residue is attached and is not necessarily identical 
with the translational kinetic unit. Thus for a protein molecule consisting 
of subunits free to rotate about a given axis pa will reflect the shortened 
relaxation time about that axis. 


EXPERIMENTAL 
a. Excited Lifetime Measurement 


The apparatus employed for measuring excited lifetimes was essentially 
a copy of that developed by Ravilious, Farrar, and Liebson (7). Inasmuch 
as the details of the latter instrument have been published, only a cursory 
description will be made here. A schematic diagram of the present ap- 
paratus is given in Fig. 1. 

The principal components of the apparatus were the light source, the 
modulating unit, the detecting unit, the delay unit, and the receiver. The 
various components, apart from the delay box and the receiver, were 
mounted rigidly upon an optical bench enclosed by a metal lined box. 

The light source consisted of an AH-4 mercury arc, mounted in a brass 
housing. To avoid 60 cycle modulation of intensity, the lamp was run from 
a 210-volt d.-c. source, utilizing a bank of 6-volt storage batteries. A Tesla 
coil was used to strike the arc. A variable slit of 0.2-0.5 mm. aperture limited 
the beam, which then passed through a collimating lens. The parallel beam 
passed through an X-cut quartz crystal with both ends ground and polished 


AH-4 S, Ll, X Le 


o 1) @ 0 


Fria. 1. Schematic diagram of excited lifetime apparatus. The meaning of the 
symbols is as follows: S:: variable slit; So: variable aperture; Zi, Lz: lenses; Xx: 
quartz crystal; A: stop; Ci, C2: square cells; Fi, Fe: filters; P:, P2: 6217 photomulti- 
plier tubes; D: delay box; FR: receiver. 
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to optically flat surfaces and was then focused to a line image by a second 
lens of 60 cm. focal length. 

Modulation of the light intensity at 9.5 me was accomplished by using 
the quartz crystal as a supersonic shutter. It was driven by an ARC-5 
transmitter at 4.75 me. Electrical contact was made by coating the sides 
of the crystal with a silver-containing lacquer. 

The line image produced by the second lens was focused upon a stop 
consisting of a vertical line of graphite upon a quartz plate. This served 
partially to eliminate the zeroeth order line which correspond to unmodu- 
lated light. 

When driven, the quartz crystal acted effectively as a diffraction grating. 
The higher order spectra, corresponding to modulated intensity, appeared 
as a very marked blurring and widening of the initially sharp line image. 

The modulated beam then passed through two square cells in series, 
each adjacent to a photomultiplier tube. The first of these always con- 
tained an aqueous ludox suspension. The modulated light scattered from 
this suspension was sampled by the first phototube, before which a variable 
aperture was placed. The second cell contained either ludox, for reference 
readings, or the fluorescent sample. In the latter case a pair of comple- 
mentary filters, a Corning 5970 for the incident beam and a Corning 3387 
for the fluoresced beam, served to isolate the fluorescent radiation and 
eliminate scattered and reflected light. 

Both detecting units were 6217 photomultiplier tubes, which viewed 
the square cells at an angle of 90° to the incident beam. The power supplies 
were two banks of dry cell batteries arranged in parallel in order to equalize 
the stage voltage for the two phototubes at all times. 

The output of the second cell passed through a delay box consisting of | 
a series of lengths of accurately calibrated cable which could be inserted | 
in the circuit either individually or in series combination by means of a set 
of relay-activated switches. Finally the outputs of the two phototubes were 
combined in an inductive coupling unit and the combined output fed into 
a RBC receiver tuned to the frequency of modulation. 

The outputs of both photomultipliers were terminated by resistors equal 
to the characteristic impedance of the associated transmission lines. The 
transmission lines were also terminated at the receiver in their characteristic 
impedance. 

In making a measurement, the amplitudes of the individual signals from 
the two photocells were adjusted to equality as closely as possible by 
means of the variable aperture in front of the first phototube. Then, with 
ludox in the second cell, both phototubes were activated simultaneously and 
the length of delay line was varied until a null or minimum signal was ob- 
served by means of the S-meter of the receiver, corresponding to a 180° 
phase difference between the two signals. The second cell was then replaced 
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by another containing the fluorescent sample. The individual amplitudes 
were readjusted to equality and the length of delay line was then altered 
until the new null was attained. Because of the finite excited lifetime of the 
fluorescent sample, less delay line had to be inserted to reach the null. 

Because of the very high frequencies used, shielding was a major problem. 
Coaxial cable was used for all signal transmission lines and each section 
of the apparatus was enclosed in a grounded metal box. 

The delay time introduced by a given length of transmission line was 
given by 

fe sp 
c/ Ki? 
where ¢ = delay time. 
c = velocity of light. 
K = dielectric constant of the polyethylene insulation of the co- 
axial cable; 
= 2.27. 
l = length of delay line. 

The difference between the lengths of delay line required for the reference 
ludox null and the fluorescent null was related to the excited lifetime by 
the equation: 


T= ie wt 
w 


where 7) = excited lifetime. 


| 


w = 2rf. 
f = frequency of modulation; 
=.9:54°.105: 


b. Materials 


Fluorescent conjugates of insulin were prepared as follows. 1-Dimethyl- 
aminonaphthalene-5-sulfonic acid (kindly supplied by Dr. G. Weber) 
was converted to the sulfonyl chloride by grinding with PCl;. To 0.3 g. 
of crystalline zinc insulin dissolved in 50 ml. of 0.1 J NaHCO; at pH 8.2 
was added slowly, with stirring, 1 ml. of acetone solution containing about 
5 mg. of sulfonyl chloride. The reaction was carried out at 3° C. for 24 
hours. The solution was then freed from uncoupled sulfonic acid by over- 
night dialysis versus redistilled water, followed by electrodialysis. The 
preparation was then redissolved at pH 3 and reprecipitated at pH 6 an 
average of three times. 

The amount of coupled residue per 10‘ weight was determined from the 
extinction coefficient at 330 my, using a value for the extinction coefficient 
of 4.3 X 10°. The values for the various preparations studied here are 


given in Table I. 
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TABLE I 
Preparation Number of residues per 12,000 units 
J-C-2 0.19 
I-C-3 0.20 
[-C-4 0.17 
I-C-5 0.12 
I-C-6 0.18 
I-C-7 0.051 
I-C-8 0.25 
I-C-9 0.14 
I-C-12 0.49 


The degree of labeling was rather slight. Preparation I-C-12, the most 
heavily labeled, had, on the average, only one residue per two 12,000 units. 
The other preparations were coupled to from 14 to ¥9 this extent. 

Crystalline zinc insulin was furnished by the Eli Lilly Company. 

The following criteria were adopted to insure that all the naphthalene 
derivative present was chemically coupled and that no free dye was present. 

a. Each preparation was reprecipitated until the supernatant displayed 
no detectable fluorescence and the polarization of fluorescence under a 
standard set of conditions (H.O, pH 2.5, 0.1 g./l.) did not change further. 

b. The paper electrophoresis pattern of each preparation revealed that 
the fluorescent component migrated at the same rate as the protein. ; 

Measurements of the polarization of fluorescent radiation at an angle 
of 90° to the incident beam were made with an adaptation of a Brice- 
Speiser light-scattering photometer, as has been described in an earlier 
publication. 


RESULTS 
a. Excited Lifetimes 


Table IT and Fig. 2 summarize all the excited lifetime data. When avail- 
able, other literature values are given for comparison. The values of 79 | 
for fluorescein and for rhodamine B are in agreement with those of Ra- | 
vilious et al. (7), but are a little higher than those obtained by earlier | 
workers (8). 

The value of ro for coupled insulin in water is seen to be almost inde-. 
pendent of pH and ionic strength. The average value, about 1.28 X 10-8, I 
is remarkably close to that surmised by Weber. It is of particular interest, 
that the value of ro does not fall at pH’s acid to 3.0, although the intensity / 
of fluorescence falls off markedly in this range. This confirms the hypothesis }) 
of Weber that the acid quenching of the sulfonamido conjugate is non- 
collisional in nature (4). } 
The addition of ethanol, however, causes a very marked fall in excited} 
lifetime, particularly at acid pH. It thus appears that the quenching by: 
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TABLE II 
Values of Excited Lifetimes 


’ Fluorescent dye or 


conjugate Medium pH to X 108 Other values of Reference 

Fluorescein? Ethanol 0.65 + .05 0.5 8 

95% glycerol 0.69 + .05 0.63, 0.5 7,8 
Rhodamine? B 95% glycerol 0.48 + .05 0.44 7 
I-C-12° H20 Del 1.23 + .10 

H,0 Dee 1.26 + .10 

H.0 2.9 1.384 + .10 
H20 3.0 1.38 + .10 

HO 4.2 1.28 + .10 

H20 7.8 1.36 + .10 

H.0 7.9 1.32 + .10 

H20 9.8 1.20 + .10 

H.0 10.7 1.23 + .10 

H,0 wiles 1.24 + .10 

0.17 M NaCl Tete: 1.37 + .10 

28% C.H;OH 1.9 0.65 + .06 

28% C2H;OH Die, 0.54 + .06 

28% C2H;0H 2.8 0.51 + .06 

28% C2H;OH 14 0.81 + .08 

28% CoH;OH 9.8 0.85 + .08 

28% C2H;OH 9.9 0.81 + .08 

28% C2H;0H 10.7 0.73 + .08 

6 M urea Boal Le 10 

6 M urea Bill 1.10 + .10 

6 M urea 5.8 0.98 + .10 

6 M urea 7.0 1.00 + .10 

6 M urea 9.15 1.00 + .10 

97% CH;COOH 0.96 + .10 

91% CH;COOH 0.96 + .10 


* The concentration ranged from 0.01 to 0.02 mg./ml., which is well below the limit 
of self-quenching (8). The values cited are averaged without regard to concentration. 
® The concentration of protein ranged from 10.0 to 1.0 mg./ml. No concentration 


dependence of 7) was observed. 


ethanol is at least partly collisional in nature. Urea and glacial acetic acid 
likewise produce a fall in excited lifetime, although to a somewhat smaller 
extent. 

Some mention should also be made of the accuracy of the excited life- 
time results. As the frequency of modulation was known to better than 
0.5 %, there was no appreciable uncertainty in the value of w. The calibrated 
lengths of transmission line were known to within about 1% and the value 
for the dielectric constant of the polyethylene insulation to within about 
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1.00 


10 3.0 5.0 70 9.0 1.0 
pH 


Fia. 2. Values of excited lifetime as a function of pH for I-C-12 in aqueous col 
tion: © = HO; @ = 6 Murea; ©: = 28% C:H,OH. 


1%. Hence any systematic errors should contribute to the uncertainty 
only to the extent of about 2%. There remain certain random errors re+ 
sulting from the difficulty in locating the null precisely, as well as from 
occasional erratic fluctuations in phase. These limited reproducibility t 
about +8% for a lifetime of 1.0 X 10-8. As a result of the various un+ 


certainties, the values of r cited are probably accurate to within about 
+10%. 


b. Polarization Data 


First of all it was necessary to ascertain the extent to which conjugatio 
modifies the physical properties of insulin in aqueous solution and in par 
ticular to what extent its tendency to association was altered. Table II 
gives the sedimentation constants of a solution of I-C-12, the most heavil 
conjugated derivative, with a solution of native insulin under the sam 
conditions. As can be seen, the sedimentation constants were identica 
within the limits of precision of the method. The appearance of the sedi 
mentation patterns was identical. Table III also gives the relaxation time 
for a coupled insulin derivative and a mixture of native and conjugate 
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| TABLE III 
| Comparison of Properties of Labeled and Native Insulin 
Preparation Concentration Medium pH S29 X 1018 Pp X 108 
| BC-12 5.5 0.15 M NaCi 2.2 2.00 
Native insulin 5.5 0.15 M NaCl 2.2 2.05 
I-C-6 1.5 0.10 M KCl 3.15 7.9 
_1-C-6 plus native 1.5 0.10 M KCl 3.15 8.0 


insulin in ratio 
110 


” 


2.5 3.0 3.5 
pH 


Fia. 3. Polarization as a function of pH for I-C-5 at several concentrations and 
ionic strengths. The temperature is 15.8° C. © = 0.73 g./l.,0.16 M KCl; O = 0.16g./1., 
0.16 M KCl; © = 0.16 g./l., HO. 


insulin in the ratio 10:1 of the same total concentration, under conditions 
where association is considerable. It can be seen that the relaxation times 
‘are the same. These results appear to indicate that the gross physical 
properties of insulin are not markedly altered by substitution to the extent 
employed here. 

As insulin becomes insoluble between pH’s 4 and 7, measurements had 
to be confined to the pH regions acid and alkaline to this range. The effect 
of pH in the acid region is given by Fig. 3. At a given concentration and 
ionic strength the polarization decreases markedly with decreasing pH in 
the region of saturation of the hydrogen ion titration curve. The decrease 
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Fig. 4. Polarization as a function of pH in the alkaline region for I-C-6. The 
temperature is 13.9° C. The concentration is 1.49 g./l. 


in polarization corresponds to a decrease in relaxation time, inasmuch as 
the excited lifetime does not change. Figure 4 shows the corresponding | 
effect in the alkaline region. The polarization falls off rapidly with increasing | 
pH, approaching a limit at pH 11. 
Figures 5 and 6 show the effect of added electrolyte at an acid and an. 
alkaline pH. In both cases the polarization rises rapidly with increasing ionic 
strength. Figure 6 gives 1/P as a function of 7'/n for two ionic strengths. , 
The slope is markedly less for the higher ionic strength while the limiting; 
value of P, Po, is the same. Thus it is qualitatively evident that an increase} 
in ionic strength at a given concentration results in an increased mean re-- 
laxation time. As Fig. 6 shows, the curves of 1/P + 14 as a function of! 
T/n were linear within experimental error up to the highest temperatures: 
studied (~48° C.). 
The effect of pH and electrolyte upon p?” for aqueous solutions of insulin; 
is qualitatively entirely consistent with the results of studies by other: 
methods upon the effect of these variables upon the state of association. 
In all probability the effect of pH and electrolyte upon the relaxation time. 
reflects primarily changes in the state of association of the monomer. 


1e) 0S 10 AS 
MOLARITY OF KCI 
Fig. 5. Polarization as a function of ionic strength for I-C-5 at pH 3.59. The tem- 
perature is 13.1° C. The concentration is 0.66 g./l. 


10.0 


1/P + 1/3 


5.0 


T/n 
Fic. 6. 1/P + 1/3 as a function of 7'/n for two ionic strengths at pH8. 97. The pro- 
tein concentration is 1.34 g./l. The sample is I-C-7. © = 0.05 M NaHCO; ©; = 0.05 M 


NaHCO; plus 0.5 M NaCl. 
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TABLE IV 
Variation of Po 
i Po d 
pH Medium 
0.234 20.4° 
H.0 
: : H,0 0.234 20.4 
1.9 H.0 0.234 20.4 
2.95 6.1 M urea, 0.1 M KCl 0.234 a 
2.3 28% C:H;,OH 0.234 20. 
10.7 H.O0 0.193 30.1 
10.9 5.3 M urea, 0.08 M CO;7 0.177 30.3 
10.9 28% C:H;OH, 0.12 M CO;7 0.167 30.4 


.05 


10 20 30 
PERCENT ETHANOL 
(VOLUME) 


Fig. 7. Polarization of I-C-6 as a function of per cent ethanol at pH 3.15 in 0.1 M 
KCI. The temperature is 14.4° C. The protein concentration is 1.5 g./l. 


Table IV gives Po for various conditions. The values at pH’s acid to the | 
insolubility zone are remarkably constant and close to the value obtained — 
in glycerol. At alkaline pH’s a marked fall in P» occurs. Table IV includes — 


values of \, the average angle between the axes of absorption and emission, 
according to the equation of Jablonski (8): 


3 cos’ — 1 
Py =e Cie 
a 7 — cos? 


FLUORESCENT INSULIN CONJUGATES 93 


15.0 


1/P + 1/3 


10.0 


5.0 


25X10" 5.0 
T/y 


Fia. 8. 1/P + 1/3 as a function of 7'/y for I-C-7 at pH 10.5 in 0.12 M carbonate in 
C2H;OH. The protein concentration is 0.325 g./1. © = buffer alone; O= 28% C,H;OH. 


Inasmuch as it is unlikely that any pronounced change in the mechanism 
of fluorescence occurs with pH, it appears probable that the increase in 
X reflects an increased mobility of the side chain to which the fluorescent 
residue is attached. 

The effect of ethanol at a given concentration and ionic strength at an 
acid pH is shown by Figs. 7 and 8. The stepwise addition of ethanol causes 
first a slight increase and then a marked decrease in polarization, as Fig. 7 


shows. The initial increase is attributable to the combined effects of de- 


creasing excited lifetime and increasing viscosity. At higher ethanol con- 
centrations these effects appear to be offset by decreasing relaxation 
time so that a net decrease in polarization results. Figure 8 compares 1/P + 
1 as a function of 7'/n in 28% ethanol and in buffer alone. The addition 
of ethanol thus markedly lowers the mean relaxation time at both acid and 


alkaline pH’s. 
Figure 9 shows 1/P + 14 asa function of 7’/n in the presence and absence 
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20.0 


15,0 


1/P +173 


10.0 


5.0 


2.5x 104 5.0 


T/n 


Fig. 9. 1/P + 1/3 as a function of 7'/n for I-C-9 at pH 10.9 in 0.08 M carbonate in 
the presence and absence of 5.3 M urea. The protein concentration is 0.33 g./l. O = 
buffer alone; © = 5.3 M urea. 


of 6 M urea at an alkaline pH. It can be seen that the effect of concentrated 
urea is to pronouncedly decrease the relaxation time, inasmuch as it has 
already been noted that the excited lifetime decreases in concentrated urea. 


c. Computation of Relaxation Times 


The polarization data cited above can be combined with the excited 
lifetime data to yield a harmonic mean of the characteristic relaxation 
times of the protein molecules, approximated by ellipsoids of revolution, 
as was discussed in the theoretical section. 

The computation of the relaxation time in a pure solvent is unambiguous. 
However, its computation in mixed solvents involves the assumption that 
the effective “microscopic” viscosity is identical with the bulk viscosity. 
This is difficult to prove directly. The best evidence for its validity in the 
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TABLE V 
Summary of Polarization Data 
Concentration 20° 
Preparation (g./l.) pH Medium ee X 108 
I-C-2 0.66 2.17 H:0 3.84 
0.50 3.77 
0.31 3.40 
0.17 3.15 
I-C-3 0.395 Py H.O0 3.67 
0.14 3.49 
I-C-12 0.91 2.5 HO 3.63 
0.31 3.32 
0.10 3.43 
0.02 3.32 
I-C-2 0.65 2.2 0.2 M KCl 4.30 
0.22 3.70 
I-C-5 0.60 91% CH;COOH 1.35 
I-C-12 0.167 91% CH;COOH 152 
0.075 1.52 
I-C-8 0.027 2.6 28% C.H,OH 1.29 
I-G-12 0.167 2.3 28% C.H;OH 1.20 
0.055 12 
I-C-5 . 0.66 2.95 6.1 M urea, 1 M KCl 1.95 
0.22 1.95 
I-C-5 0.66 ae 5.6 M urea, 0.1 M KCl, 1.34 
0.03 M phosphate 
0.22 1.34 
I-C-3 0.141 11.8 H.0 2.81 
I-C-8 0.281 10.0 H,0 3.31 
I-C-12 0.565 10.7 H.0 3.09 
0.115 2.95 
0.030 2.84 
I-C-7 0.325 10.5 28% C2H;OH, 0.12 M 1.14 
CO;" 
I-C-7 0.325 10.5 0.12 M CO;7 4.17 
I-C-8 0.32 10.9 28% C.H;OH, 0.12 M 1.18 
CO;- 
0.085 1.08 
0.060 1.04 
0.017 1.08 
I-C-5 0.66 9.9 5.8 M urea, 0.04 M CO;~ 1.52 
0.1 M KCl 
I-C-9 0.325 10.9 5.3 M urea, 0.08 M CO;" 1.54 
0.185 1.54 


present instance is the agreement of the limiting values of polarization, 
Po, obtained by measurement in glycerol and by extrapolation. 

Table V summarizes the relaxation times obtained for a variety of con- 
ditions. Fig. 10 shows the concentration dependence of relaxation time for 
low concentrations (<1 g./l.) for a variety of conditions. Table VI gives 
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3.00 


2,00 


.25 -50 ate} 1,00 
CONC. (GMS./L.) 

Fria. 10. Concentration dependence of ph for various conditions. &@ = I-C-12 in 
H,O, pH 10.7; © = I-C-12 in H.0, pH 2.5; © = I-C-9 in 5.3 M urea plus 0.08 M CO;, 
pH 10.9; @ = I-C-12 in 91% CH;COOH; @ = I-C-12 in 28% C:H,OH, pH 2.3; © = 
I-C-8 in 28% C:H;OH plus 0.12 M COs, pH 10.9. 


TABLE VI 
Apparent Limiting Values of Relaxation Times 
Preparation pH Medium pr To Pr one X 108 
I-C-2 2.17 H,0 2.26 2.90 
I-C-12 2.5 HO 2.48 D.2e 
I-C-5 91% CH;COOH 1.37 1.32 
T-C=12 91% CH;COOH 1.58 1.52 
I-C-8 2.6 28% C:H;OH 2.22 1.29 
I-C-12 2.3 28% C,H;0H 2.06 1.20 
I-C-5 2.95 6.1 M urea, 0.1 M KCl 1.82 1.95 
T-C-5 (ae 5.6 M urea, 0.1 M KCl, 1.35 1.34 
0.03 M phosphate 
I-C-2 2.2 0.2 M KCl 2.58 3.30 
I-C-3 11.8 H20 2.25 2.81 
I-C-8 11.0 H,0 2.65 3.31 
I-C-12 10.7 H,0 2.25 2.81 
I-C-7 10.5 28% C2H;OH, 0.12 M CO;- 1.42 1.14 
I-C-8 10.9 28% C2H;OH, 0.12 M CO;- 1.35 1.08 
I-C-5 9.9 5.8 M urea, 0.1 M KCl 1.53 1.52 
0.04 M CO; 
I-C-9 10.9 


5.3 M urea, 0.08 M CO;7 1.55 1.54 
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the apparent limiting relaxation times at zero concentration for a range 
of conditions. From Tables V and VI it can be seen that no important syste- 
matic variation in limiting relaxation time with the extent of conjugation 
occurs. 


DISCUSSION 


We shall first discuss the implications of the excited lifetime measure- 
ments. The values of ro in water agree remarkably well with the estimates 
of Weber (4). Thus, assuming that similar values hold for other protein 
conjugates, it appears that the relaxation times computed by Weber (4) 
and by Tsao (9) are essentially correct. In turn, inasmuch as the relaxation 
times computed by Weber (4) for serum albumin and egg albumin agree 
with those obtained by Oncley with the dielectric dispersion method (10), 
this result serves to confirm the validity of the latter. 

It is also of interest that ethanol can quench the fluorescence of the con- 
jugated residue by a collisional mechanism. This would appear to indicate 
that ethanol, despite its unfavorable solvent characteristics, can penetrate 
the inner hydration shell of the protein. 

In considering the results presented earlier it must again be emphasized 
that the data presented in Tables IV and V give the harmonic mean of the 
characteristic relaxation times of the effective rotational kinetic unit. This 
will be equivalent to the translational kinetic unit only if no internal degrees 
of rotational freedom are present. 

The principal conclusion of the present paper is that high concentrations 
of urea, ethanol, or acetic acid serve to produce a “rotational dissociation”’ 
of the limiting rotational kinetic unit to a unit of relaxation time 4 to 4 
that of the limiting unit in water which appears to be the same for both 
acid and alkaline pH’s. The change is much too large to arise solely from 
a change in the degree of solvation and must reflect either an actual dis- 
sociation into units of smaller molecular weight or else an internal change 
in. configuration in which new degrees of rotational freedom are gained. 
It is of course quite possible that both may occur. 

The effect of urea is most logically explained on the basis of its well-known 
capacity to break hydrogen bonds. The effects of ethanol and glacial acetic 
_ acid appear to be explicable in terms of lowered dielectric constant, which 
maximizes electrostatic repulsion. 

Inasmuch as detailed independent information on the shape of the 
limiting subunit under these conditions is not as yet available owing to the 
inaccessibility of the very low concentration range to the conventional 
methods, it is not feasible to convert the limiting relaxation time to reliable 
molecular weights. It might, however, be observed that the ratio of the 
limiting relaxation times in water and in the organic solvents is roughly that 
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to be expected if dissociation to half molecules occurred in the latter case, 
as a 12,000 to 6000 dissociation. 


SUMMARY 


Measurements of excited lifetime and of degree of polarization have been 
made upon fluorescent conjugates of insulin with 1-dimethylaminonaph- 
thalene-5-sulfonic acid. These results indicate that several organic agents 
serve to produce a limiting rotational kinetic unit of lower relaxation time 
than that found in water. 
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INTRODUCTION 


In the first paper of this series Maron and Pierce (1) described the su a 
cessful application of the Ree-Eyring generalized theory of flow (2, 3) toc- 
suspension of spherical particles. The data employed were those of Maron 
sand Fok (4) on the flow of X-667 synthetic rubber latex at concentrations 
jfrom 0 to 0.60 volume fraction, v; temperatures of 20°-50°C.; and shear 
) stresses from 50 to 800 dynes/cm2. In this intermediate shear stress region 
)the flow behavior could be expressed in terms of two flow units, namely, a 
/Newtonian solvent, and a latex flow unit which, depending on concentra- 
ition, was Newtonian or non-Newtonian. 

Recently Maron and Belner (5) studied at 30°C. the flow behavior of a 
different sample of X-667 latex at shear stresses lower than those used by 
/Maron and Fok. They found that below a volume fraction of 0.25 the 
latex was Newtonian. However, at volume fractions above 0.25 and below 
‘0.54 the latex was non-Newtonian, but became Newtonian as the shear 
stress reached a low value which was different for each concentration. 
[Finally, above v = 0.54 the latex remained non-Newtonian over the 
entire shear stress region covered. 

Since the measurements of Maron and Belner correspond to lower 
rates of shear than those involved in Maron and Pierce’s test of the Ree- 
(Hyring theory, it was felt that an application of the theory to the low shear 
megion would be highly desirable. Further, this region is of particular 
interest, since the Ree-Eyring theory predicts approach to Newtonian flow 
as the rate of shear approaches zero. The present paper describes the 
analysis of Maron and Belner’s data in terms of the Ree-Kyring theory, 
and summarizes the results obtained. 


THEORETICAL CONSIDERATIONS 


The Ree-Eyring theory considers a non-Newtonian system to be com- 
iposed of flow units of different relaxation times, and gives for the viscosity 
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n, defined as F/G, F being the shear stress and G the rate of shear, the 
expression 


Ss atm Bn sinh Bn G 3 In Bn 
oss, — — On 1 
nal Qn BnG n=1 Qn ! 
where 
sinh B,G 
ea eee ee eae Z 
Bn 3G [2] 


In the above equations @, is the relaxation time of the n’th flow unit, while 
at, and a, are theoretical flow parameters. All three of these quantities 
depend on concentration, and at least two of them, 8, and a,, are also 
temperature-dependent. For the latex system under consideration, we may 
assume the medium, water, to be Newtonian at all rates of shear. Equation 
[1] takes then the form 


Ppealeemeclcy necay Teh) [3] 
ay a2 a3 
= a+ beA2 + 6303 + aes [3a] 


where a is the contribution made to the viscosity by the solvent, and 
be, bs +++ are the coefficients of the 6’s for the various latex particle flow 
units. At constant temperature and concentration these coefficients shoul 
be constant, and hence under the specified conditions Eq. [3] should repay 
sent the variation of viscosity with rate of shear. | 
The quantity 6,, as defined by Eq. [2], has the following properties. Whe 
8,G — 0, 6, — 1, and the contribution to the viscosity made by a give 
flow unit at a given concentration becomes b,. When all the 6’s —>.1, Eq 
[3a] reduces to | 


y= @ =F bet Og es [4 


the viscosity becomes independent of rate of shear, and the flow is New 
tonian. Again, when 8,G — ©, 6, — 0. Hence, when all the 6’s approac 
zero the viscosity reduces to » = a, the flow is again Newtonian, but 7 1 
now equal only to the solvent flow contribution. 


DEPENDENCE oF Viscosiry on Rate or SHEAR 


Maron and Pierce (1) found that the flow of X-667 latex in the regio} 
of 50-800 dynes/cm.? could be represented in terms of two flow units, 
Newtonian water unit and a non-Newtonian latex particle unit. In t 
present instance two flow units were sufficient to represent the data 
Maron and Belner only between v = 0.293 and » = 0.430. Above t 
latter concentration a second non-Newtonian latex flow unit had to b 
introduced in order to represent the variation of n with G. In other word 
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° EXPERIMENTAL DATA 
—— FITTED EQUATIONS 
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Fig. 1. Contribution of flow units to viscosity of X-667 Latex at v = 0.564. 


five parameters were required to reproduce the curves, namely, a, bz, bs, 
132, and B3. 

The procedure employed to find these parameters was as follows. At 
each value of v a plot was first prepared of y vs. G, and extrapolated to G = 
). Since at G = O both 6 and 4; go to unity, the extrapolated value of 
9, Ne-0, becomes according to Eq. [4] 


No = a+ be + bs. [5] 


Next values of 6: were selected, and plots prepared of 7 vs. 6. With the 
appropriate values of 8: such plots were linear at the higher values of G 
out showed curvature at low G@’s. Consequently, straight lines drawn 
shrough the linear portions gave b. as the slope and a as the intercept. 
With a and b. known, 6; was obtained through Eq. [5]. Finally, 6; was 
‘ound at each value of G through the relation 


yl a ae ) [6] 


“rom these 6;’s and the corresponding @’s, 8; was evaluated and averaged. 
Whenever necessary slight adjustments were made in the constants thus 
bbtained in order to yield the best fit with the experimental curves. 

Figure 1 shows the contributions made by the three flow units to the 
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TABLE I 
Fitted and Calculated Flow Parameters 
a X 102 be X 102 Bo X 102 bs X 102 Bs 
) 

Fitted Calc. Fitted Calc. Fitted Calc. Fitted Calc. Fitted Calc. 
0.293 | 2.30] 2.389 | 0.48) 0.26} 1.00} 0.58 | — 0.01 = 1.00 
OSE | BO |) Sel | WEG) | Wasi || Moa |) @etis 0.04); — 1.34 
Mseker/ |} Ziets |) 2562 |] ahi 1.15} 1.50] 1.48 | — 0.11 — 1.86 
0.480 | 5.93) 6.10| 2.55) 2.46 |) 2.25] 2.41 — 0.33 | — 2.67 
OES | Bs |) Berd |) eee |) GAA || Zeno) || Abe 1.0 1.02 | 4.0] 3.94 
OL5LI| 1426991426 S42 bs 1423 9.75 | 9.382 | ~5.0)|| 4.88 18.720) (6n86 
025460/52520 25. OMFS 4 Or ele22c Om lee lndelezoeOMecors: 12.0) | 1226 
05564 36.48 |[k30-30 78.00 7826) eco-Olm\nodeo 4c Onhvono 18.9 | 18.8 

18 
CALCULATED 
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16 
14 
v=0. 468 
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Fra. 2. Comparison of observed and calculated relative viscosities. 


total viscosity of the latex at v = 0.564, the highest concentration used b 
Maron and Belner. It will be observed that above about G = 15 sec.- 


practically the entire viscosity is due to the first two flow units. Onl 
below G = 15 sec.— 


does the third flow unit begin to contribute, and th 


eee becomes the more significant the lower is the value of @ 
e effect of the third flow unit is less pronounced at lower concentrations 


and becomes, within experimental error, insignificant below v 


0.468. 
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Fig. 3. Comparison of observed and calculated relative viscosities. 


_ The values of the flow parameters deduced at the various concentrations 
are summarized in Table I under the headings designated as “fitted.” 
‘These parameters reproduce the observed data satisfactorily, as may be 
/seen from Figs. 2 and 3. In these figures, the points are experimental 
data; the solid lines are the curves calculated from the parameters given 


in Table I. 


DEPENDENCE OF PARAMETERS ON CONCENTRATION 


It was found possible to express the fitted parameters as a function of 
volume fraction by means of the following equations: 
K 
Se Lae, (7 
Kas v)” 
gia eel, 8] 
(= &, v) 
Ka, 
ponent ees 9 
(it 26,0 v)3 (9] 


bs 


Bo = 
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= Ko, (0) 10 
i (1 — 6,2) U0 
=. oa 11 
B3 = are toe [11] 


The values of the various K’s and e’s in these equations are summarized 
in Table II. The parameters calculated at various volume fractions by 
means of these equations are given in Table I under the heading “calc.”, 
and their agreement with the ‘‘fitted” values is quite good. 


TABLE II 
Values of Constants in Eq. [7 [11] 
Parameter K € 
a Uaexl 2 1.517 
be 2.05 X 10°? 1.55 
Bo OFOSa nL Om 1.53 
bs BAIR) SC Cat 1.55 
Bs 0.297 1.55 


Equations [7] and [8] are identical in form to those found by Maron and 
Pierce (1) for a and be. However, the expression for f2 is different, since the 
expression employed before would not reproduce £2 as a function of v in the 
present instance. Further, it may be seen from these relations that b. = 
b; = 0 when v = 0, while at the latter limit a = Ka, B2 = Kg,, and 6; = 
Kg,. Since at v = 0 the parameter a represents the viscosity of the pure 
solvent, K, should equal 7.98 & 10-* at 30°C. As may be seen from Table 
II, the value of K, actually found is 7.37 X 10-*. This difference of 7.6% 
between the two quantities must be considered reasonable in view of the 
large extrapolation, and the fitting manipulations involved. 


VISCOSITIES IN THE NEWTONIAN REGION 


As was pointed out above, Maron and Belner (5) found the latex to be 
Newtonian at concentrations below v = 0.25. This means that at all values 
of v below 0.25 6 = 6; = 1, and hence the viscosity should be given by 
Kq. [4]. For three flow units this equation becomes 


n=a+b.+ b; [12] 
or 
a Tat be tbs ie 
No No 


Employing Eqs. [7], [8], and [10], a, be, and bs were evaluated at the various 
volume fractions for which Newtonian viscosities were measured, and then 
n, calculated. In Table III is given a comparison of the paleulated and ob- 
served »,’s. The agreement between the two is good, especially when it is 
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TABLE III 


Comparison of Calculated and Observed Relative Viscosities in Newtonian Region 
v Trobs- Teale. 
0.0504 1.16 1.09 
0.0979 1.36 1.28 
0.149 1.63 1.57 
0.198 2.00 1.96 
0.246 2.49 2.51 


} remembered that the equations for the parameters are being extrapolated 

| from the non-Newtonian region above v = 0.25 into the Newtonian region 
below this concentration. 

| Limiting ConpiTIons or FLow 

| If Eqs. [7], [8], and [10] be substituted for a, be, and b; in Kq. [13], and 

| also nm. = Ka, then we obtain 


1 Ky,(@v)” Ky, (ev) 


| sgipids (1 — ev)? i K.(1 — ev)? ~~ KA(1 — @v)* ne 
On performing the indicated divisions, Eq. [14] becomes 
Ne = 7, — 1 = 26,0 + [Ber + (B+ Che?lv’ bs 
1 


+ [4e% + 8B + 5C)e*v? + ---, 
j}where B = K,,/K, and C = K>,/K,. In this equation v is the volume 
| fraction of the latex particles only, and not of these plus the adsorbed soap 
} which they carry, namely, v;. The relation between v; and v has been shown 
| by Maron, Madow, and Krieger (6) to be v, = wv, where y depends on the 
} volume-to-surface average diameter of the latex particles and the length 
of the adsorbed soap molecule. For the latex involved here y = 1.136. 
| Substituting v = v,/y into Eq. [15] we get 


Msp _ 2a ee alls: os) * 
VU of a 


4ea + (3B + 5C)e° He 
+[e+ ix ae 
Y 
| From Eq. [16] it follows that as v, — 0, 


(2 he 2 ayzk 2(1.517) _ 2.67. 
V_ J v~>0 


{This Limiting value of y.p/v; is in good accord with that found by Maron 
jiand Pierce (1), namely, 2.60, and the expected Einstein value of 2.50 for 
suspensions of rigid spheres. Further, Eq. [16] predicts for the second 
land third coefficients 5.85 and 11.7. The values found by Maron and 
Pierce (1) were 5.80 and 11.8. 
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When e = 1, Eas. [7], [8], and [10] predict that a, bs, and b; will become 
infinite, and hence the viscosity will also go to infinity. The volume frac- 
tion of polymer at which this will occur will be» = 1 /e, and the total 
volume fraction of polymer plus adsorbed soap v; = 1.136/e. On substitu- 
tion of the e’s from Table II we obtain values of v; ranging from 0.73 te 
0.75. These are again in good agreement with those found by Maron and 
Pierce, and with the volume fraction expected for close packing of spheres 
namely, 0.74. 


DISCUSSION AND CONCLUSIONS 


The results presented above indicate that the Ree-Eyring theory can be 
used effectively to represent flow data on suspensions of spherical particle 
at low shear rates as well as at higher ones. However, whereas it was pos 
sible to represent the data of Maron and Fok at intermediate rates oi 
shear by means of only one non-Newtonian flow unit, the latex particle; 
two latex flow units of different relaxation times were required to represen} 
the low shear data of Maron and Belner. The nature of this second late? 
flow unit cannot now be defined. The only explanation which suggests itsel 
at present is based on the fact that latices are generally mixtures of particlay 
which may range in size over rather wide limits. Under such condition 
the flow of the system at low shear rates may depend not only on the relaxa 
tion response of the smaller particles, which will have a smaller 8, b | 
also on those of the larger particles, whose 8 will be larger. At higher rate 
of shear the effect of the latter will become progressively less Secs | 
and hence the system will become dependent on only one latex flow unit 
as was found by Maron and Pierce. Whether this surmise is valid can il 
tested by studying the flow behavior of a system of spherical particles ¢ 
uniform size, where only a single latex flow unit would be expected to Hi 
operative at all rates of shear. | 


A second point of interest is the fact that the expression for B2 fount 
here, Eq. [9], is different from that found by Maron and Pierce for th 
quantity. In the latter instance the denominator of Ke, was (1 — «, v 
whereas here the cube of this expression was required. No reason can Ii 
advanced at present for this difference. 

Finally, the applications of the Ree-Eyring theory, given in this and th 
preceding paper, raise the question as to the number of flow units whic 
may be required to represent the flow behavior of systems of the tyy 
under discussion all the way from very low to very high rates of sheaé 
This problem is at present under investigation. 
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SUMMARY 


The generalized flow theory of Ree and Eyring has been applied to the 
lata of Maron and Belner (5) on the flow behavior of X-667 latex at low 
ates of shear in both the Newtonian and non-Newtonian regions. Whereas 
in the intermediate shear regions, Maron and Pierce (1) were able to repre- 
vent the results in terms of two flow units, three such units were required 
it the low rates of shear. These were a Newtonian water unit, and two latex 
jlow units of different relaxation times. As a result, the dependence of vis- 
sosity on rate of shear, at any given concentration in the non-Newtonian 
ange, required five parameters for satisfactory representation of the 
sxperimental data. 

» Equations have also been deduced for the dependence of the parameters 
n concentration, and these were used to predict the Newtonian viscosities 
easured by Maron and Belner below »v = 0.25. Good agreement was 
ound between the observed and calculated viscosities. Further, on ex- 
rapolation to v = 0, 7sp/v; was found to be 2.67 as against the expected 
Sinstein 2.50 for suspensions of spheres, while extrapolation to infinite 
iscosity gave a volume fraction in very good accord with that expected 
or rhombohedral close packing of spheres. 


REFERENCES 


. Maron, S. H., anp Prercs, P. E., J. Colloid Sci. 11, 80 (1956). 
Rez, T., anv Eyrine, H., J. Appl. Phys. 26, 793 (1955). 
. Rex, T., AND Eyrina, H., J. Appl. Phys. 26, 800 (1955). 
. Maron, S. H., anp Fox, 8. M., J. Colloid Sci. 10, 482 (1955). 
. Maron, S. H., anp Bexner, R. J., J. Colloid Sci. 10, 523 (1955). 
|. Maron, 8S. H., Mavow, B. P., anp Krizcer, I. M., J. Colloid Sct. 6, 584 (1951). 


JOURNAL OF COLLOID SCIENCE 12: 108-130 (1957) 


THE FORMATION AND PROPERTIES OF ALUMINUM 
PECTINATES! 


M. A. Joslyn and Guido de Luca 


Department of Food Technology, University of California, Berkeley, California 
Received April 16, 1956 


ABSTRACT 


The extent of precipitation of pectinic acids by aluminum chloride, aluminuy 
sulfate, and potassium alum as affected by pH, concentration of aluminum salt, any 
concentration of pectinic acids was determined and optimum conditions for the forma 
tion of aluminum pectinate were evaluated. Changes in viscosity, turbidity, and p : 
during precipitation were related to changes in properties of the aluminum pect 
nate recovered, and it was concluded that ion exchange rather than mutual colloidg 
precipitation was involved in formation of aluminum pectinates. | 
INTRODUCTION 

Pectinic and pectic acids have long been known to form insoluble salti 
with cations, particularly the heavy metal polyvalent cations, and in thf 
early investigations these salts were used for the characterization of pect 
substances (1). In recent years, other methods have largely supplanted thi 
objective, and with the exception of the use of thorium nitrate to dis 
tinguish between pectin and certain gums (2) investigations in this fie 
in the United States have been limited largely to the study of film propertié 
of pectinate salts (3). Deuel and his collaborators, however, have mac 
important contributions to the chemistry of coagulation of sodi 
pectinates by various electrolytes (4-11). The precipitation of pectins fro 
dilute acid extracts of citrus wastes by aluminum sulfate and ammonia wd 
introduced by Jameson et al. in 1924 (8), but aside from brief reference! 
to this in technological literature (1, 13-19) few if any basic investigation 
of this have been reported. 

Aluminum chloride in place of aluminum sulfate was proposed by Bak¢ 
and Goodwin (15) and has now largely replaced the former in the indust 
(19). Sodium carbonate (19, 20) and calcium carbonate (21) have bee 
suggested in place of ammonia. The concentration of pectic substances 
the extract usually is about 0.5%, but the order of addition and concentrii 
tion of aluminum salt and alkali varies. In the original process the amo 


( 


1 Taken in part from Ph.D. Thesis of G. de Luca in Agricultural Chemistry, U1 
versity of California, Berkeley, June 1954. 
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f ammonia required was added first, taking precautions to avoid local 
‘kalinization by vigorously agitating the pectin solution, and then the 
equired amount of 25% aluminum sulfate was added (12, 13). The pH 
alue at which the precipitation is carried out varies from 4.0 to 4.2 (1, 13), 
10 to 4.5 (15, 21), 3.8 to 4.2 (19). In the usual German modification 1% 
‘uminum sulfate is added to the pectin solution and the pH then adjusted 
» 4.0 with ammonia (17). The quantity of reagents required was deter- 
Lined empirically on a test sample (1, 17, 19, 20); the conditions that 
»sult in the formation of a precipitate (curd) of the desirable properties in 
ighest yield (19, 20) or in minimum viscosity of the solution in which 
ne aluminum pectinate is suspended (15) are taken as correct. Cole and 
‘olton (20) suggest, for precipitating the pectins from extracts containing 
5% pectin and having a titratable acidity equivalent to 0.015 N, the 
idition of 12 ml. of aluminum chloride solution (150 g. per liter) and 24 
1. of a 15% soda ash solution per liter of pectin solution. They caution, 
»wever, that the ratio of aluminum chloride to soda ash will vary with the 
idity of pectin extract, the concentration of pectin present, the method 
sed in preparing the extract, and other factors. To facilitate precipitation 
ad separation of pectinates a small amount of copper sulfate was used at 
est with aluminum sulfate (1), but because of the difficulty of removing 
_e residual copper from the precipitated pectinate this was abandoned 
ter. 

/ Wilson (11) explained this precipitation as the mutual colloidal floccula- 
om of the negatively charged pectin miscelles by positively charged alumi- 
am hydroxide. Joseph and Havighorst (19) in describing precipitation 
‘th aluminum chloride and sodium carbonate suggest that the aluminum 
lt first hydrolyzes and remains in solution in the pectin solution until 
e pH reaches about 3.5, when colloidal aluminum hydroxide forms and 
/precipitates with pectin. Baker and Goodwin (14), however, in proposing 
e use of aluminum chloride neutralized with ammonia to pH 3.55 to 
ecipitate pectin at pH 4.0 to 4.5, postulated cationic precipitation, since 
ye formation of aluminum hydroxide had to be avoided during formation 
aluminum pectinate if good recoveries were to be obtained. 

‘The degree of esterification and molecular weight were shown by Deuel 
bal. (4-11) to affect the coagulability of sodium pectinates by cations. At 
w degrees of esterification (0-10 %), they are readily coagulable by mono- 
Jent ions, but as the degree of esterification increases above 10% this no 
jager occurs. Above 40-50% esterification, divalent ions (Ca**, Mg**, 
|'++*) no longer coagulate, and above 90% neither Cut* nor Al*+++ will 
jagulate pectinates. In the range of 0-90%, the concentration of AICI; 
jyuired for coagulation rapidly increases with increase in esterification. 
‘crease in molecular weight, as determined by increase in intrinsic vis- 
: sity, results in increase in tendency to coagulate. Deuel and his collabora- 


| 
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tors (9-11) ascribe the coagulation of negatively charged pectinic acids | 
to simple flocculation by cations on the basis that for this coagulation the 
usual ion series of Schulze-Hardy and Hofmeister are valid, and that the |} 
milliequivalents of chloride salt required to coagulate 1 g. of poly-| 
ealacturonic acid decrease markedly with increase in charge on cation, |} 
varying from 280 meq. for NaCl to 3 meq. for CaCl, and 0.3 meq. for AICls. |} 
The decreasing coagulability on esterification of free carboxyl groups by} 


explained on the basis of changes in electrical charge on the macromolecule | 
or hindrance to mutual approach of the chain molecules. They do noth 
indicate the pH region in which the coagulation was observed and do notil 
give quantitative data on the recovery of pectinic acid, the metal conten 1 
of the pectinate precipitate obtained, or the appearance of pectinates} 
formed. 

Industrial experience has indicated that the recovery of pectinic acids} 
from even partially purified extracts by precipitation with aluminum salts} 
is rarely complete. Losses as high as 50% of the total uronides present mayy 
occur, but it is not known whether these are due to poor control of precipi- 
tating conditions or to differences in characteristics of the pectic substances} 
present. The precipitation usually is carried out on extracts containing! 
lower concentrations of pectins (0.1-0.5%) than when alcohol or acetone 
is used as precipitant but the pectin recovered is less contaminated with} 
nonuronide matter. Thus when the pectinic acids present in two aliquots o#] 
orange peel extract were precipitated with ethanol (added to final concentra¥ 
tion of 60%) and with aluminum chloride followed by washing with all} 
coholic HCl to remove aluminum salt, the alcohol precipitate containee} 
76 % of anhydrouronic acid on an ash-free dry weight basis while the pectiif : 
from aluminum pectinate tested 86.50%. t 

The conditions affecting the precipitation of pectinic acids by aluminunt 
salts (type and concentration of aluminum salt, nature and concentratiods 
of pectinie acid, pH, temperature of precipitation; order of addition cf) 
alkali, pectin, and aluminum salt) were investigated to define optimur} 
conditions for recovery of pectin and to obtain aluminum pectinates ¢ 
low ash content. Changes in pH, viscosity, and turbidity which occur du) 
ing the precipitation of the aluminum pectinate were observed in compa : 
son with similar changes occurring when other cations (calcium and iron}, 
were added. From these and other observations the mechanism of tH} 
precipitation process was deduced. The results of these observations ail! 
presented in this paper. 


EXPERIMENTAL _MrtHops 


Chemicals. The aluminum salts and other chemicals used were of tll 


Hae or Analytical Reagent grade and were used without further pul | 
cation. HY 
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. Pectin Preparations. Freshly prepared extracts of orange and lemon peel 
ind various pectin and pectinic acid preparations were used. Their prepara- 
aon is described in the pertinent experimental data sections. 

| pH. The pH of the various solutions and mixtures was determined at room 
feeperature by an industrial model line operated Beckman glass electrode 
| 


faeter carefully and frequently adjusted with standard buffers of pH 
‘i and 9. 

| Turbidity. Changes in light scattering during precipitation were measured 
a a photoelectric tyndallometer constructed on the basis of a circuit sug- 
hested by Professor C. T. O’Konski using a 3-amp. light source, 34-mm. 
‘ocal length achromatic lens focusing the beam of light on a phototube with 
null point amplifying circuit. The galvanometer deflection was balanced 
potentiometrically and the potential reading was used as measure of the 
0° scattered light. This was adjusted to zero with distilled water and its 
ternal constancy was checked with a turbidity standard prepared by 
uspending fine tale particles in methyl methacrylate resin. 

| Determinations and Characterization of Pectins and Pectinic Acids. The 
otal pectin content present initially and that remaining after precipitation 
vas determined by the calcium pectate method (1). Since the residual 
uminum salts present in the liquid from which the precipitated aluminum 
‘ectinate was removed interfered, the aluminum and other cations present 
rere first separated by use of cation resin in the H-form by percolating an 
‘liquot of test solution which would yield approximately 25 mg. of calcium 
rectate. The recovery of pectin present was determined also from the 
jronide content of the alcohol precipitate of the pectin extract before 
irecipitation with aluminum salts and from the uronide content of the 
luminum pectinate. Both the alcohol precipitate and the aluminum 
ectinate were dried under vacuum at 70°C. before determination of total 
ronide. The anhydrogalacturonic acid content was determined by the 
lydrochloric acid distillation procedure (22) and the colorimetric carbazole 
hethod (23, 24). The calcium pectate method and the hydrochloric acid 
listillation method gave results that agreed closely for the aluminum pec- 
inate precipitate. The pectin content of the filtrate obtained after separa- 
on of the aluminum pectinate, however, was lower by the hydrochloric 
sid distillation than by the calcium pectate method. This was due to the 
tell-known incomplete recovery of residual pectins from dilute solutions 
y alcohol precipitation before acid distillation. When the colorimetric 
irbazole method was used, however, the results obtained agreed closely 
tith the hydrochloric acid distillation and titration method (24). The 
\ethoxyl content was determined by the saponification method (24) as 
lell as colorimetrically after oxidation to formaldehyde. The acetyl con- 
int was determined by the saponification method (24). The relative 
iscosity was measured with an Ostwald capillary viscosity pipet at 25°C. 
d the intrinsic viscosity calculated from measurements at three concen- 
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trations (0.05, 0.10 and 0.15 g. per 100 ml.) in presence of sodium chlorides 
added to reduce the electroviscous effect (24). 


; RESULTS 
Changes Occurring during Neutralization of Aluminum Salts 


The mechanism of the precipitation of pectins by solutions of aluminuny 
salts at various pH values is partly dependent upon the species present im 
solution, which are known to be complex and to depend on type of salts andy 
methods used in preparing the solutions (25). In experiments with pectix ) 
solutions it was observed that aluminum chloride was much more efficien } 
than aluminum sulfate or alum as precipitating agent. Experiments werd 
conducted to determine how aluminum chloride differs from the other twe 


salts, when alkalis are added. 


— 


| 


potassium alum by sodium and potassium hydroxide, ammonia, and sodi 
carbonate were made in the pH range 3-7. Changes in pH, appearance, and 
turbidity were determined during titrations of 10-ml. portions of alumin 
salt solution, 0.1 M in Al*** (containing 0.27 g. of aluminum ion per 1 
ml. of solution) with 1 N solutions of the various alkalis. 


was vigorously stirred continuously during titration and the stirrer wag} 
stopped only while the pH value was measured. The rate and the amoun#) 


| 
| 
/ 


change in pH during titration or on the percentage of neutralization 2 
which the precipitate starts to form. The influence of the velocity of reac 
tion on the titration curve was studied by Kohlschiitter and Hautelmadl 
(26) with similar results. | 
Effect of Concentration of the Aluminum Salt. The effect of the concentrs | 
tion of aluminum salt on the course of pH changes during the titration ail 
the point at which a precipitate formed was investigated. Aluminum sulfa | 
solutions, both 1 M and 0.1 M in Al*++, were used, and a permanent pref 
cipitate resulted when the same percentage of anions were substituted Hi 
hydroxyl groups. The same results were obtained when 0.1 M and 0.01 
solutions of aluminum chloride were used. 
Chernov (27) studied the precipitation at lower aluminum sulfate coi} 
centration. His data, at the total aluminum sulfate concentration in whie t 
the pectin precipitation takes place (0.03 1), show a decrease in solubilit] 
of the hydroxysulfate. However, his data are not directly comparable 
ours, since he varied the aluminum concentration and maintained a coll, 
stant percentage of neutralization of the aluminum sulfate. 
Titration Curves of Aluminum Chloride, Aluminum Sulfate, and Alwi) 
Neutralized by Different Alkalis. The changes in pH during the titrati 
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‘Fie. 1. Changes in pH during titration of potassium alum, aluminum sulfate, and 
aluminum chloride 0.1 M as Al*+++ with 1 N NaOH. 
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aluminum sulfate 0.1 M in Al*** with 1 N ammonia. 


fof 100-ml. aliquots of aluminum chloride, aluminum sulfate, and potassium 
lum 0.1 M in Al*++ with sodium and potassium hydroxide, ammonia, and 
odium carbonate were measured. The alkalis were added 1 ml. at a time 
ind the pH measured after 4 minutes, as suggested by Kolschiitter and 
Hautelman (26). Typical of the data obtained are the pH values, plotted 
|. gainst the milliliters of normal alkalis added, shown in Figs. 1 and 2. 
Whe titration curves for the three aluminum salts behaved similarly and 


tvhich was very broad and corresponded to about 65-70% of the total 
mount of alkali required, precipitation of a solid phase of basic salt oc- 
curred, during which the pH value decreased very slowly. According to 
Mhernov (27) aluminum sulfate in this phase, which extends to pH 5.0, 
4; quantitatively precipitated. In the third zone a rapid rise of pH occurs, 
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and a pH of 7.0 is reached when less than 1 equiv. of alkali is added. In 
each titration the theoretical equivalent of alkali should be 30 mls., but 
this was observed only in the case of aluminum chloride, aluminum sulfate, 
and alum when titrated with sodium carbonate. In the other cases, less 
than this amount of alkali was required. This is due probably to the ad- 
sorption or occlusion of ionic aluminum in the micellar aluminum hydroxide. 
Tewari and Ghosh (28) obtained similar results when aluminum chloride 
was neutralized with ammonia. They concluded that the more concentrated | 
the aluminum salt was, the less alkali is required. In our experiments, this 
adsorption effect was greater with alum solutions than with aluminum 
chloride or sulfate, since the former required less alkali to reach neutrality. | 
In all cases the pH of the alum solution increased more rapidly at lower | 
levels of alkali added than was true of aluminum chloride and sulfate, which 
were almost identical. 
Effect of Type of Alkali Used. The different alkalis used, with the excep-_ 
tion of sodium carbonate, gave similar titration curves. Only with sodium | 
carbonate was the stoichiometrical amount of alkali obtained. 
pH Range in Which the Basic Aluminum Salts Begin to Precipitate. To de- 
termine the pH range at which the basic salts begin to precipitate, two) 
series of observations were made. In the first, to a series of volumetric cy- 
linders containing 50 ml. of aluminum salt solutions, 0.1 M in Al*+*+, pro-4 
gressive amounts of different alkalis were added. After 24 hours the solutions4 
were examined visually for formation of a precipitate and their pH was4 
measured. Typical of the results obtained is that for aluminum chloride. 
adjusted to various pH values with ammonia, shown in Fig. 3. It was 
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Fia. 3. Appearance of aluminum chloride solution adjusted to various pH value ; 
by addition of 1 N ammonia (24 hours after standing). 
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observed (Table I) that the aluminum chloride remains iz solution at a 
a igher pH value, that is, at a higher degree of basicity than does aluminum 
sulfate or alum. At a pH value of about 4.5, that is, when 78% of the 
\chloride is substituted by hydroxyl groups, the aluminum chloride solu- 
ions were still clear. The aluminum sulfate starts to precipitate at a lower 
{oH value (about 3.9-4.0) with each alkali, when only 27% of the sulfate 
anions are substituted by the hydroxy] groups of the alkalis used. Alum 
|solutions, when titrated with different alkalis, precipitate at a pH value 
? oetween 3.0 and 4.1 and a percentage of substitution of about 34-35 %. 

|, Joffe and McLean (29) reported that a 0.0075 N aluminum sulfate solu- 
bion starts to precipitate at pH 3.9, and at pH 4.7 precipitation is complete. 
According to the same authors, aluminum chloride solutions start to pre- 
\ipitate at pH 4.5 and are completely precipitated at pH 5.4. In spite of 
ithe fact that they used very dilute solutions, 0.0075 N, the results obtained 
jare very close to those found above with 0.1 N solutions. Another difference 
vetween aluminum chloride and the other two salts is that the aluminum 
thloride remains in the colloidal state over a wide range of pH while the 
ther two salts precipitate directly in solid form. This phenomenon was 
}bserved by Chernov (27). According to him, on titration of aluminum 
\-hloride solutions with alkali, aluminum hydroxychloride of the composi- 
tion, AloO;HCI, is formed. Thomas (25, 30-32), Weiser (83), and others, 
ynowever, have shown that solutions prepared from aluminum salts contain 
-ariable amounts of anions depending on the salt used and method of prepa- 
ration and aging but that even the clear solution from AICI; contains 
uppreciable quantities of chloride. Aqueous solutions of compounds of 
| = and simple anions are now known to contain highly solvated, 


In this series of Sirens: again the stoichiometrical amount of sodium 
\ jarbonate was required to neutralize the aluminum salts. 

In the above experiments the pH regions in which the solutions remained 
pce, became cloudy, or formed a precipitate were estimated by visual in- 


wrecipitate is formed was oreckignted by determining the turbidity in- 
jensity by means of a light-scattering apparatus. Measurements were 
aken after 15 minutes and after 24 hours, to investigate the influence of 
‘he time of reaction. In the same experiments, in order to find out if the 
recipitate formed was charged or not, the light-scattering intensity was 
neasured before and after centrifugation (2500 r.p.m.). Each measurement 
vas run with 300 ml. of 0.1 V aluminum salt to which 1 N alkali was added. 
\'ypical of the data obtained is that for aluminum chloride shown in Fig. 4 
la detail, and comparative data are summarized in Table II. 

| The data obtained indicate that solutions of aluminum sulfate and alum 
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Fia. 4. Turbidity of 0.1 M aluminum chloride adjusted to various pH’s by 1 N 


ammonia, 15 minutes and 24 hours after adjustment of pH, before and 
trifuging. 


TABLE I 


pH Range at Which Changes in Appearance of Aluminum Salt Solutions Occurred 


pH range limits 


Aluminum salt Alkali added Clear Region of stable 
0.1 M in Al+++ 2 1.0 NV region suspension 
Aluminum chloride Ammonia <4.3 4.3-4.65 
Sodium carbonate <4.2 4.2-4.6 
Sodium hydroxide <4.5 4.5-5.4 
Potassium hydroxide <4.5 4.5-5.0 
Aluminum sulfate Ammonia <3.95 3.95-4.0 
Sodium carbonate <3.95 3.95-4.05 
Sodium hydroxide <3.9 3.9-4.05 
Potassium hydroxide <3.9 3.9-4.0 
Potassium alum Ammonia <4.0 — 
Sodium carbonate <4.0 4.0-4.05 
Sodium hydroxide <3.95 — 
Potassium hydroxide <4.05 = 
TABLE II 
Degree of Neutralization and pH at Which Precipitate Formed 
Per cent of 
’ replacement of 
Aluminum salt Alkali anions by OH- 
Aluminum chloride Ammonia 76.0 
Sodium carbonate 66.0 
Sodium hydroxide 72.0 
Aluminum sulfate Ammonia 27.8 
Sodium carbonate 38.6 
Sodium hydroxide 27.8 
Potassium alum Ammonia 27.8 
Sodium carbonate 33.0 
Sodium hydroxide 27.8 


after cen- 


Region of 
precipitation 


>4.65 
>4.6 
>5.4 
>5.0 


>4.0 
>4.05 
>4.05 
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increase in turbidity with the time, i.e., after the alkali is added the tur- 
bidity, and hence the quantity of precipitate, increases. With aluminum 
chloride, however, with increasing time the precipitate of basic salt is 
peptized. The data presented in Figs. 3 and 4 and Tables I and II indicate 
also that aluminum chloride remains in clear solution at a higher pH value 
than does aluminum sulfate or alum, and that after aluminum chloride 
starts to precipitate, it remains in suspension over a wider pH range than 
do the other salts. 


Recovery of Pectins as Aluminum Pectinates 


In the industry the conditions of precipitation are selected so as to obtain 


| the maximum yield of fibrous, readily separable aluminum pectinate 


(“curd’’) from which pectins of high jelly grade can be prepared by treat- 
ment with dilute hydrochloric acid-alcohol solution. In investigations on 


recovery of pectins from purified orange peel extracts (34), it was found 


that aluminum pectinate of the desirable properties would form when 30 
mil. of aluminum chloride or aluminum sulfate, 1 M in Al**++, adjusted to 


{ the pH of 3.6—-4.2 with ammonia or sodium carbonate, were added to 1 1. 
of an extract containing 0.5% alcohol precipitable material (having a 


polygalacturonide content equivalent to 0.36% anhydrogalacturonic acid) 


| adjusted to this range of pH. With potassium alum under similar conditions, 
| aluminum pectinate did not form but precipitation occurred when the 
} alum was added first and then alkali was added. Even under these condi- 
tions the recovery of pectin was low; only 25-40% of the pectin present 
} was precipitable. With aluminum chloride, the recovery of pectin present 
) was greater than with aluminum sulfate and was at a maximum at pH 3.8, 


where over 95% of the pectin present was recovered when ammonia was 
used to neutralize the pectin and aluminum chloride solution and over 
90% when sodium carbonate was used. Aluminum chloride precipitated 
pectin in the pH range 3.4-4.3. With aluminum sulfate precipitation oc- 


) curred in a narrower range, 3.7-4.2, and the optimum pH was 3.96 for am- 


monia and 4.1 for the sodium carbonate-neutralized solutions. The ash 
contents of the aluminum pectinates obtained varied from 8% to 25%, 


| but were lower with aluminum chloride than with aluminum sulfate and 
| increased as the pH of precipitation increased in the range 3.4—4.2. In the 
| pH range 3.6-4.2, the aluminum pectinate forms first as a fibrous curd which 
+ rises to the top of the solution and is easily separated and pressed. When 


this is separated and the pH increased, one or more additional precipitates 
form but these are pulverulent and settle to the bottom. . 
The nature of the differences between these pectinates was investigated 


Hl by comparing the properties of pectinates obtained from orange peel ex- 
/ tracts and solutions of commercial citrus pectin (citrus pectin NF). The 


pectins in the orange peel extract were precipitated with aluminum chloride 
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and aluminum sulfate at pH 3.9 and the first crop of pectinate, a fibrous 
curd rising to the top, was separated, the pH of the mother liquid was 
adjusted to 5, and the second crop, a light precipitate which settled to the 
bottom, was separated. Both crops of pectinates were purified by washing 
first with alcohol containing 5% hydrochloric acid, then with neutral 
ethanol. The residue was redissolved in water, passed through a cation- 
exchange column, and again precipitated with alcohol. The composition 
of the pectinate and the pectinic acid obtained from it is shown in Table 
III. Similar results for a 0.5% solution of commercial citrus pectin (Ex- 
change Pectin NF) are shown in Table IV. Here the pH was adjusted to 


TABLE III 
Analyses of Aluminum Pectinates Isolated from Orange Peel Extracts 
Fractions separated 


Aluminum Chloride as Precipitant 


Total pectin recovered, % 55.50 80.60 
Ash in pectinate, % 8.30 12.37 
Methoxyl] content, % 8.52 (8.59)¢ 8.68 (9.35) 
Galacturonic acid content, % 68.6 (69.6) 66 (71.4) 
Esterification, % 70 (70.5) 74.7 (80.8) 
Intrinsic viscosity 2.90 2.55 
Aluminum Sulfate as Precipitant 
Total pectin recovered, % 33.6 61.1 
Ash in pectinate, % 9.51 16.12 
Methoxyl content, % 9.60 10.70 
Galacturonic acid content, % 74.28 71.89 
Esterification, % 70.80 75.85 


* Second run. 


TABLE IV 
Analyses of Aluminum Pectinates Isolated from Commercial Citrus Pectin Solutions 


Fraction separated 


1 2 3 4 
Aluminum Chloride as Precipitant 
Ash in pectinate, % 8.95 So. ld 
Methoxyl content, % 8.83 10.25 
Galacturonic acid content, 80.52 80.96 
% 
Ksterification, % 63.30 LO 
Intrinsic viscosity 1.85 1.65 
Aluminum Sulfate as Precipitant 
Total pectin recovered, % 65.75 22.60 10.33 _ 
Ash in pectinate, % 6.23 4.40 30.05 66.35 
oT oe acid content, 91.34 (89.70) 90.46 (87.35) 90.20 _— 
0 
Methoxyl content, % 9.48 (10.0) 10.58 (41.51) 12.80 a= 
Esterification, % 60.11 (67.47) 67.01 (75.00) 77.70 — 
Intrinsic viscosity 2.15 2.30 1.55 +3 


@ Second run. 
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1a. 5. Changes occurring during addition of aluminum sulfate (0.33M in Al***) to 
orange peel extract containing 0.36% pectin. 
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/Fra. 6. Changes occurring during addition of 0.33 M aluminum chloride to orange 
peel extract containing 0.36% pectin. 


3.8 and increasing amounts of aluminum salt were added to obtain different 
crops. With this only two crops were obtained with aluminum chloride but 
four were obtained with aluminum sulfate. The changes occurring in pH, 
\turbidity, and relative viscosity during these precipitations are shown in 
|Figs. 5 and 6 for orange peel extracts; and the pH changes in the precipita- 
‘tion of commercial pectin solution by aluminum sulfate in Fig. 7. 

The data shown in Table III indicate that the ash content of pectinates 
obtained at optimal pH for formation of the fibrous curd was lower and the 
degree of esterification and molecular size of the pectinic acids obtained was 
higher than for the second crop. This effect was even more pronounced 
iwith commercial pectin. Even with aluminum chloride the second crop had 


120 M. A. JOSLYN AND GUIDO DE LUCA 


45 


2nd Filtration 
3rd Filtration 
4th Filtration 


c 
° 
x 
° 
= 
25 
L 
- 
oe 


pH 


40 


20 40 60 80 100 
Mls. Aluminum Sulfate Solution 


Fra. 7. Changes in pH occurring during addition of aluminum sulfate 
(0.33 M in Al*++) at pH 3.8 to a 0.5% pectin at pH 3.8. 


a considerably higher ash content as well as a higher degree of esterification 
and lower molecular weight. With aluminum sulfate the first two crops 
were obtained under conditions in which the basic aluminum salt did not 
precipitate but the third crop, much higherin ash content, apparently pre- 
cipitated at pH values high enough to form basic aluminum sulfate which 
coprecipitated with aluminum pectinate and the fourth crop apparently 
was aluminum hydroxide with adsorbed sulfate, since its ash content was 
higher than the theoretical for pure aluminum hydroxide. 

Since these data indicated that the extent of esterification, which is & 
measure of the number of free carboxyl groups in the polygalacturonide 
chain available for reaction with aluminum cations, has an important 
effect on ease of precipitation and type of aluminum pectinate formed! 
this was investigated in more detail. 

For this purpose, samples of pectin were prepared in which the percentagé 
of esterification of the carboxyl groups varied between 33 % and 98 %. Sam) 
ples A, B, C, D, E were prepared from the same commercial pectin (Ex: 
change Citrus Pectin). Sample F was prepared from orange peel. Sample 
with its carboxyl groups 98 % esterified was prepared by Dr. Pippen at th 
Western Utilization Research Branch by the diazomethane method of 
Vollmert (35). All the samples were purified by dissolving the pectin i 
water, precipitating the solution by alcohol, redissolving it again in wate | 
and precipitating a second time in alcohol and acetone, after passing th 
solution through a cation-exchange column. Samples A, B, C, D wer 
demethoxylated with sodium hydroxide at the proper pH and time o 
contact, according to the method suggested by McCready et al. (36) 
Sample E was the original Exchange Pectin, which was purified by the sam} 
procedure. Sample F was obtained from orange peels by precipitating th) 
extract in alcohol and acetone and purifying as above. 

All samples were dissolved in distilled water and precipitated at pH *) 


| 
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TABLE V 
Effect of Degree of Esterification on Recovery as Aluminum Pectinate 
Pectin recovery, % 

Pectin Esterification, % Aluminum chloride Aluminum sulfate 
A 33.30 99.90 99.13 
B 35.00 99.95 99.39 
Cc 43.95 99.95 99.80 
D 52.55 99.95 99.93 
E 66.81 98.85 95.94 
F 76.30 89.35 55.30 
G 98.95 0.00 0.00 


200 400 600 800 1000 

) Mis. Pectin Solution 

| Fie. 8. Changes in pH occurring during addition of 0.5% pectin at pH 3.9 to a 0.33 M 
| aluminum chloride at pH 3.8. 


} with aluminum chloride and aluminum sulfate. The recovery of pectin 
| obtained is shown in Table V. ; 

| The data in Table V show that samples with a degree of esterification in 
* the range of 33.30-52.55 % are almost quantitatively precipitated. When 
| the degree of esterification is increased, the recovery of pectin decreases. 
The almost completely methoxylated sample did not form a precipitate. It 
' is interesting to note that Sample E, which was a commercial pectin which 
+ had been previously obtained as aluminum pectinate, was almost quanti- 
} tatively recovered by either aluminum sulfate or chloride, whereas F, not 
| previously precipitated as aluminum pectinate, was more highly esterified 
than E and gave lower recovery. 


pH Changes during Formation of Aluminum Pectinate 


| It was observed repeatedly that the addition of solutions of aluminum 
‘salts adjusted to a particular pH value close to optimal for formation of 
t aluminum pectinate to a pectin solution at the same pH value, resulted at 
\ first in decrease in pH value to a minimum and was then followed by a rise 
| in pH as the pectinate formed. This change occurred whether the aluminum 
1 salt was added to a pectin solution at once or gradually, as shown in Fig. 7. 
|| When the order of addition was reversed, Fig. 8, the pH rose rapidly from 
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Fra. 9. Changes in pH occurring during addition of 0.5% pectin at pH 3.8 
to aluminum sulfate solution (0.33 M in Al***) at pH 3.82. 
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Fie. 10. Changes in pH occurring during addition of various amounts of 0.33 M 


aluminum chloride at pH levels of 3.5 to 4.05 to 0.5% purified commerical pectin ad- 
justed to pH 3.5. 


3.8 to 4.2 and then remained essentially constant. During the initial drop 
in pH value, the relative viscosity of the solution increased rapidly until 
precipitation occurred; the turbidity also increased rapidly but reached a 
maximum when the “curd” formed, which continued to rise after the pH 
minimum had been attained and the pH rose again. Maximum yield of 
curd occurred when the pH of the solution again reached its initial value. 
Aluminum sulfate gave results similar to aluminum chloride when increas- 
ing amounts were added to pectin solutions, but in the reverse case the pH 
did not rise as did that with aluminum chloride (Fig. 9). 

The effect of initial pH of aluminum chloride solution on pH changes 
occurring during the addition to a 0.5 % pectin solution is shown in Fig. 10. | 
The data plotted indicate that in the pH range 3.5-4.05, the lower the pH | : 
of the aluminum chloride solution, the greater is the degree of initial de-_ 
crease in pH but the volume of aluminum chloride added to reach the | 
minimum is the same. 

When the concentration of pectin present was varied and the aluminum | 
chloride concentration (0.33 M) and pH were kept constant (3.8), the data _ 
plotted in Fig. 11 showed that the higher the concentration of pectin present | 
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5 10 15 20 
Mls. Aluminum Chloride Solution 
| Fig. 11. Effect of concentration of pectin on pH changes in purified commercial 
pectin solutions following addition of 0.33 M aluminum chloride. 


4 


_ the more aluminum salt solution was required to reach the point of minimal 
_ pH. Thus a 0.25 % pectin solution needed only 1.5 ml. of aluminum chloride 


solution, the 0.5% pectin solution required 3 ml., and the 1.0% pectin 


' solution required 6 ml. 


} 


| 


These observations indicate that the lower the pH value of the aluminum 


| chloride solution, the greater is the hydrogen ion exchange with aluminum 
ions. The greater the concentration of pectin present, the more hydrogen 
ions from the carbonyl groups of pectin are exchanged for the aluminum 


ions and the greater the decrease in pH. 
The changes in pH during the addition of aluminum salts to pectin solu- 


tion may be due either to absorption or desorption of hydrogen ions or 


hydroxy! ions at the surface of precipitates, similar to those reported for 


precipitation of barium sulfate which we have confirmed (37), or to simple 
ion-exchange reactions between the hydrogen ions of the free carboxyl 
groups of pectin with cations. When to | 1. of distilled water, aluminum 


chloride solution at pH 3.8 was added gradually, the pH of the water at 


first rapidly increased from 3.8 to 4.6 owing to hydrolysis in dilute solution 


and then decreased to about 4.3 and remained at this pH. Similar changes 
probably occur in presence of pectin, the initial decrease in pH being due 
to release of hydrogen ions by pectin until most of the precipitable pectin 
forms the aluminum pectinate curd when excess aluminum salt hydrolyzes 
.and pH increases. 


pH Changes during Precipitation of Pectins by Other Cations 


In addition to the investigations described above, changes in pH during 
precipitation of commercial citrus pectin (purified by precipitation with 
ethanol, passage through cation-exchange resin, and reprecipitation and 
vacuum drying) by cupric chloride and ferric chloride were determined. The 
addition of a 0.33 N cupric chloride solution at pH 2.5 to a 0.5% pectin 
solution at pH 4.0 resulted in rapid decrease in pH and formation of a 
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gelatinous precipitate. After the addition of only 15 ml. of cupric chloride 
solution to 11. of pectin solution, the pH dropped to 3.1 and the precipitate 
of copper pectinate was so gelatinous that it was impossible to stir the 
mixture. When the pectin solution was added gradually to 100 ml. of 0.33 N 
cupric chloride solution the pH dropped rapidly to 2.3 and remained at 
this point until 200 ml. of the pectin solution were added and then gradually 
rose until pH 2.32 was reached at 800 ml. and 2.37 after addition of 1 1. 
On addition of 0.33 N calcium chloride solution at pH 8.5 to 1 1. of pectin 
solution at pH 3.83, the pH at first remained constant and then dropped 
rapidly to 3.6 after 30 ml. of solution were added, and then decreased more 
gradually to pH 3.3 at 100 ml. of solution. In the converse case, addition of 
pectin solution to 100 ml. of calcium chloride solution resulted in rapid 
decrease in pH from 8.5 to 3.8 after addition of but 80 ml. of pectin solu- 
tion, and then the pH remained essentially constant up to addition of the 
remainder of 1 1. No precipitation of calcium pectinate occurred, however, 
since pectinic acids more than 50 % esterified do not form calcium pectinates 
(6). The addition of 0.33 N ferric chloride solution at a pH 0.9 to pectin 
solution at pH 3.85 resulted in an initial rapid drop in pH value to 3.6 
after addition of but 8 ml. of solution; the pH remained constant during the 
subsequent addition of 7 ml., then rapidly dropped to pH 3.0 after 30 ml. 
had been added, and decreased more gradually to 2:5 after addition of 100 
ml. On addition of 0.5% pectin solution at pH 2.82 to 100 ml. of 0.33 NV 
ferric chloride solution at pH 0.9, the pH at first rose rapidly to 1.5, re- 
mained constant, and then more slowly increased to 2.0 when the remainder 
of the 1 1. of pectin solution had been added. A voluminous precipitation 
of ferric pectinate occurred during the addition of the first 25 ml. of ferric 
chloride solution, and this precipitation was complete when the pH had 
dropped to 3.1. During the precipitation the relative viscosity at first re- 
mained constant and then rapidly increased, but the turbidity of the solu- 
tion increased continuously to a maximum. In the case of the calcium 
chloride addition, the turbidity gradually increased throughout the entire 
range of addition of calcium solution and the relative viscosity gradually 
decreased, probably influenced by changes in pH. 

The decrease in pH of pectin solutions on addition of calcium, even 
without precipitation of a pectinate, was observed also by Hinton (16). 
Hinton reported that when a pectin solution was mixed with a calcium 
chloride solution, allowed to stand for an hour, and then precipitated with 
60% acetone, the precipitated pectin after washing with acetone increased 
in calcium content from 0.05% to 1.51%, although its chloride content re- 
mained constant. The increase in calcium content was accompanied by a 
decrease in acidity of the pectin equivalent to the calcium absorbed. This 


phenomenon is typical of ion exchange in which the hydrogen ions of 
pectinic acid are replaced by calcium cations. 


b 
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Aluminum Pectinate as Ion Exchanger 


Since the above data are consistent with the theory that the formation of 
aluminum pectinate involves ion exchange, the ion-exchange properties of 
the aluminum pectinate were determined by treatment with sodium chloride 
and ion-exchange resins. 

A sample of aluminum pectinate, prepared in the laboratory by pre- 
cipitating Exchange commercial pectin with aluminum chloride, was 
washed thoroughly with boiling distilled water until no chloride was found 
in the wash water. The pectinate, purified by this method, was dried under 
vacuum at 70°C. Two samples of this pectinate of 4 g. each, were mixed for 
10 minutes with 250 ml. of 0.5 N and 2 N sodium chloride. After filtration 
and washing, the aluminum was determined in the liquid fraction. As 
shown below, the aluminum ion was displaced by the sodium: 


0.5 N NaCl 2 N NaCl 
Al,O;3 in solution, grams 0.0205 0.0461 
% exchange 0.622 1.39 


Two samples of the same pectinate, 5 g. each, were kept suspended for 
24 hours with the same amount of cation-exchange resins in the H form and 
in the Na form in slight agitation. The aluminum was determined in the 
resin. After 24 hours the pectinates were completely in the soluble form. 


% exchange pH change 
H-resin 94.42 From 4.60 to 2.8 
Na-resin 80.60 From 4.60 to 6.20 


In the case of resin in H form, the pH drops, because hydrogen ions are 
released from the resin in exchange for aluminum ions, which remain bound 
in the resin. In the case of resin in Na form, in the exchange, sodium ions 
are released and the pH value rises. These results demonstrate that pectin 
as well as pectinates has a certain exchange capacity. 


Effect of Basicity of Aluminum Cations on Appearance of Aluminum 
Pectinates 


The ionic species present in aqueous solutions are now known to be highly 
complex owing to solvation, hydrolysis, polymerization, and complex 
formation (25-27, 30-33, 38-44). It is possible, however, to characterize 
the basic cations on the basis of their content of hydroxy] groups per Alt, 
and this has been done by several investigators (27, 41-43). If the formation 
of aluminum pectinates involves covalent bond formation between the 
carboxylate ions and aluminum cations with the liberation of H+ from the 
pectin micelle and Cl- or SO,— ions from the aluminum salts, the pectinates 
should contain the hydroxides of the basic aluminum salts. The basicity of 
the aluminum cation complex was determined by Feigl and Krauss (44) 
by taking advantage of the ability of aluminum to form neutral oxalate 
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complex, but their volumetric iodometric method for the determination of 
changes in Ht-ion concentrations was not found by Chernov (27) to be as 
quantitative as the method based on formation of neutral fluoride com- 
plexes first observed by Craig (45). This depends on the following reaction: 


Al.(OH) s+ + 12 F- — 2 AIF,;— + 5 OH- 


To favor this reaction to the right, excess hydrochloric acid as well as sodium 
fluoride is added and the hydrochloric acid remaining is titrated with 
standard alkali. 

Aluminum pectinates were analyzed for the presence of combined hy- 
droxyl groups. The pectinates were precipitated from a purified pectin 
solution at a low pH value, 3.8, with aluminum sulfate. The pectinate 
floated to the top of the beaker in the characteristic fibrous form which, 
because of its spongy structure, was easily filtered and pressed. The mother 
liquor, after the elimination of the precipitate, was brought to pH 5 with 
ammonia. A precipitate was formed again, this time not in a fibrous form, 
but as a light precipitate, which could be isolated by centrifugation. Each 
precipitate was divided into two aliquots, one of which was washed with 
distilled water, the other with 96 % ethyl alcohol. All samples were washed 
thoroughly, until sulfate was not detected in the wash liquid. The samples 
were analyzed for aluminum and hydroxy] groups, and the results are given 
below, expressed as the ratio between equivalents of hydroxyl groups and 
aluminum: , 


Water washing Alcohol washing 
Precipitation at low pH (8.8) 1.30 1.25 
Precipitation at high pH (5.0) 2.23 2.30 


The results show that in aluminum pectinates precipitated at low pH 
the ratio of OH: Al is over one, whereas at higher pH it is more than two. 

The difference in physical structure and in the ratio OH:Al suggested 
the possibility that at low pH the aluminum functions as a bridge between 
two different pectin molecules. In other words, the aluminum ion is shared 
by two adjacent chains in this form of precipitate. The bridge between two 
pectin molecules has to be between two carboxyl groups of the polyuronic 
acids. The more cross-linkages through carboxyl groups, the greater will be 
the fibrous appearance of the precipitate. 

The pectin which is not bound by the aluminum bridges remains in solu- 
tion and precipitates as a light precipitate when the pH of the mixture is 
increased further. Cross-linkages between pectin molecules are possible 
only at a lower pH, when the basic aluminum ion is still in the bivalent form. 

At a lower pH, the bivalent aluminum complex ion will easily form a 


bridge between the two pectin chains and hydrochloric acid will be liberated 
decreasing the pH value. 


2 Pectin — COO-Ht + AI(OH)** Cl Cl- —— Pectin — COO-Al (OH)** - OOC 
— Pectin + 2 Ht + 2 Cl- 
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This would explain the fact that at a lower pH the ratio OH: Al is almost 
one. Since the mono- and bivalent aluminum cations are in equilibrium at 
the pH of precipitation, we always will have a certain amount of aluminum 
ions in the monovalent form and for this reason the ratio is always higher 
than one. 

At higher pH values the monovalent basic aluminum ions cannot form a 
bridge, and therefore the salt formation or colloidal precipitation probably 
occurs. 

Pectinates precipitated at different pH values with aluminum chloride 
and aluminum sulfate were prepared, washed with boiling distilled water 
until the wash water was free from sulfates and chlorides, and analyzed for 
ash and residual chloride or sulfate. The results obtained are given below: 


SO= 
Ash % in pectinate In pectinate 5 In ash 
Aluminum sulfate pre- pH 3.8 8.26 0.44 2.48 
cipitation pH 4.0 18.05 None xe None 
In pectinate In ash 
Aluminum chloride pH 3.7 9.15 None None 
precipitation pH 4.2 18.70 None None 


Thomas and his collaborators (30-32) assumed that sols of aluminum 
are polymeric systems with the metal atom bound by “diol” (dihydroxy) 
bridges in which there was less than 1 equiv. of anion (other than hydroxide 
or oxide) per equivalent of Al+*++. Pokras (25) explained the increase in pH 
of aluminum hydroxide sols on addition of various salts observed by Thomas 
on the assumption that the hydrated aluminum ion is an acid in the 
Bronsted sense and that the hydroxides in the conjugated base are bound 
firmly in the complex. The increase in pH of the aluminum hydroxide sol 
on addition of SO,—, for example, is explained by displacement of co- 
ordinated hydroxide. In the case of aluminum pectinate formation, hy- 
droxide displacement does not occur, at least in the initial stages of ‘“curd”’ 
formation (but may occur later), and this can not explain the marked 
differences in hydroxyl:Al ratios in the different penctinates obtained. 
Thomas reported that the proportion of sulfate to aluminum in ignited 
hydrated oxides precipitated in presence of sulfate markedly decreased 
with decrease in pH, but this would not account for the differences in ash 
content and anion content of pectinates. The presence of sulfate in alumi- 
num precipitates was observed also by Miller (40). He obtained precipitates 
at various pH values with 0.005 mole of aluminum per liter (using potasstum 
alum and sodium hydroxide and aluminum chloride and sodium hydroxide). 

After washing, no chloride was found in the precipitate, while the sulfate 
was always present in high amount in the precipitations made at low pH 
values. As a result of this work, he concluded that the negative ions were 
held in solid solution in the floc micelle. Hopkins (46) confirmed Miller’s 
observations and noted that for dilute alum solutions the precipitate could 
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be washed free from SO.= ions, providing the molar ratio of OH to Al was 
greater than three. 

It is interesting to observe that aluminum pectinates, thoroughly washed 
with boiling distilled water, when suspended in water give an acid reaction 
to the suspension. Thus when 100 g. of aluminum pectinate with 91% of 
moisture were suspended in 100 ml. of distilled water, the pH of the sus- 
pension was 4.4. This may be due to the existence of free unbound dissoci- 
ated carboxyl groups. 


DISCUSSION 


Aluminum chloride remains in solution over a wider pH range and at 
higher degree of neutralization than aluminum sulfate or potassium alum 
owing to its ability to form basic cations of lower molecular weight. Because 
of this ability it is able to form pectinates free of anions; this is not true 
of the sulfates. This soluble basic cation complex can precipitate pectinic 
acids by forming covalent bonds shared between two or more colinear co- 
polymer polyuronides which thus form a fibrous macromolecule containing 
aluminum and displaceable hydroxyl groups, at pH of 3.8. At higher pH 
values such cross-linkages apparently do not form and salt formation or 
coprecipitation occurs. For the formation of fibrous aluminum pectinates 
free carbonyl groups must be present on the polyuronide micelle, and the 
more of these that are available, the more readily and more completely 
can the pectinate form. The fibrous aluminum pectinate formation can be 
accounted for on this basis but not on simple mutual colloidal precipitation. 


SUMMARY AND CONCLUSIONS 


1. The behavior of aluminum chloride, aluminum sulfate, and potassium 
alum when titrated with different alkalis such as sodium hydroxide, potas- 
sium hydroxide, ammonia, and sodium carbonate, was studied in relation 
to the pH changes and the pH range within which further addition of 
alkali causes a precipitate. 

2. The effect of these salts on the precipitation and recovery of pectin 

and the changes occurring during the precipitation was studied. 
3. It was found that aluminum chloride remains in a soluble form, i.e., 
in ionic form, at a higher degree of neutralization than the aluminum 
sulfate and the alum. Therefore, at the same pH value, basic aluminum 
chlorides are still in a clear solution, whereas the other two salts are almost 
quantitatively precipitated. Aluminum chloride was found to be much 
more efficient than the other two salts as precipitating agent for pectin. 

4. The best recovery of pectin was achieved when both the aluminum 
a and the pectin extract were brought separately to a pH value of 


5. The recovery of pectin by aluminum salt precipitation is never com- 
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plete. Under the best conditions, 6-10 % remains in solution. Differences in 
degree of polymerization, degree of esterification, and distribution of methyl 
ester groups on the polyuronide chain influence the extent of recovery of 
pectins by aluminum precipitation. 

6. Free carboxyl groups of pectinic acids have a predominate role in the 
precipitation and recovery of pectin. The higher is the degree of esterifica- 
tion, the more difficult is it to precipitate pectin by aluminum salts. Pectins 
completely methylated did not precipitate at all with aluminum chloride 
at its optimum pH value. 

7. In the precipitation of pectin by aluminum salts apparently ion 
exchange rather than mutual colloidal precipitation is involved. 
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IRREVERSIBLE THERMODYNAMICS BY THE PRINCIPLES OF 
J. N. BRONSTED AND ITS APPLICATION TO 
ELASTIC SOLUTIONS 


LETTER TO THE EDITORS 


In his last book Brgnsted (1) extended his “Energetic theory’”’ to include 


a group of irreversible phenomena. He introduced for that purpose the 
- concepts of transport complexes and transport-complex potentials, but 


did not give detailed information on the proper application of these con- 
cepts. Later attempts by Holtan (2) to complete the system have not been 
successful (3). 

In the present note we will summarize a new interpretation of Brgnsted’s 


_ transport-complexes which permits the derivation of Onsager’s reciprocal 


relations (4). All systems, therefore, to which these apply, fall within our 
theory. As a general feature, the treatment along Brgnsted’s lines offers the 


advantage of giving mechanistic pictures of considerable didactic value 
when other theories give a formal and purely phenomenological treatment. 

Brgnsted pointed to the fact that the energetic quantities (Ki, Ke , 
K; ---) such as entropy, volume, chemical mass, are not transported 
independently of each other. When particles move they carry entropy, 
charge, volume, etc., as well as chemical mass and possibly also other 
chemical particles. These quantities are said to form a Transport-Complex 
(TC), and each kind of potential (P;) for which there is an amount of the 
conjugate quantity (K;) in the TC will influence the flow of the whole TC 
in proportion to its content of K; . For each physically possible TC we can 
define a conjugate TC-potential P7°, by the equation (1): 


dP™ = 3:KTdP; = S°dT — V"dP + Nivdm +---. [1] 


Brgnsted did not, however, indicate clearly how to determine the K,’s, 
but it appears that he meant them to be the ordinary partial molar quanti- 


_ ties of the particles. This may be right sometimes, but as a general defini- 


tion it is ruled out by the existence of a thermoelectric force between 
identical single crystals in different orientation. The answer is that although 
the electrons are alike in the two leads, those which actually carry the 
current may well be selected in different ways according to the orientation 
of the current in the anisotropic crystal. 

In order to make sense, therefore, the entropy and the other quantities 
to be inserted in [1] must relate to the actually transported particles. The 
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question of assigning a definite entropy value to these is the same which 
is met in the transition-state theory of chemical reactions. For the sound- 
ness in doing so both statistical and thermodynamic arguments can be 
given which are similar to those by which pseudo-components were intro- 
duced in the treatment of phase transitions (5). 

For systems in internal equilibrium a Gibbs-Duhem equation will hold 
for all TC’s and for all physically possible changes in the potentials; hence 
according to [1] in all systems in internal equilibrium: 


dPre = 0. [2] 


States of nonequilibrium or incomplete equilibrium can be established 
either by restrictions on the transportability of one or more of the com- 
ponents (semipermeable membranes, osmotic cells) or by the maintenance 
of a steady current of some energetic quantity. 

The general theorem on which to build the treatment is now, that the 
current J7¢ of any TC depends on the potential gradients through—and 
only through—the gradient in the conjugate TC-potential. In a rather 
wide class of cases the relation is linear. 


Jvc = J(grad Prc) = —) grad PTe, [3 a, b] 


The conductivity coefficient, \, of any mobile TC is different from zero, 
except across membranes which are impermeable to TC, and with the same 
exception we have the general relation: 


Jtc = 0, if PT¢ = constant, or: dP7¢ = 0. [4] 


Comparison with [2] shows the analogy between states in equilibrium and 
states in which a TC is static. This works out to be an expression of the 
famous principle of Thomson (Lord Kelvin), but without the ambiguity 
as to which processes may be singled out as quasi-reversible. 


Onsager’s relations are derived by substitution into the phenomenological 
equation: 


J; = TeLyXe . [5] 
The generalized forces X; are: 
xX, = —grad P, (6) 


and the currents J; are made up of contributions from those TC’s which 
contain the 7’th quantity (the TC’s are numbered by the index l): 


tie = pa peer Ra (7 
Applying [3b] to each TC, we obtain for the coefficients in [5]: 
Le = DAG Ree = Tn. [8 
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Each TC is dragged by the k’th gradient with a force proportional to its 
“content of the k’th quantity, K, , and its contribution to the 2’th current 
is proportional to its content of the z’th quantity, K; . Passing to the sym- 
metrical coefficient we find the same two quantities only with their roles 
inverted. 

The detailed discussion of the basic assumptions and of the general 
| application of this new method will be the object of a monograph under 
| preparation. Among its virtues are the uniformity in the treatment of mem- 
, brane equilibria and steady-state systems and the possibility of treating 
systems with nonlinear elements to which Onsager’s relations do not apply. 
In the latter group we find, for example, rectifiers (p-n Junctions), polaro- 
graphic cells, and non-Newtonian flow. Because of its novelty we will 
add a short account of the analysis of the elastic recoil (6) and of the 
_flow-potential effects (7) in polyelectrolyte solutions. In the flourishing 
| theories of non-Newtonian flow the recoil is generally neglected and the 
electrical effects have been left undiscovered until very recently. 

In a recoil experiment (6), when the column of polymer solution is 
virtually at rest in a displaced position, it withstands a pressure difference 
and must be in a state of nonequilibrium. Very long relaxation times are 
Involved in the attainment of equilibrium in the network of polymer 
-molecules, but water must be in equilibrium. The state can be described as 
,an osmotic equilibrium in which the polymer acts as it own membrane, and 
we can apply Gibbs-Duhem’s equation to any segment along the column, 
‘the coordinate being v7, 0 < x < /, index P designating polymer and index 
)0 water: 


—Vdp + Nrdur + N.duo = 0 [9] 
dp/dx = Ap/l; dpesdx = 0. [10] 
Npdpp/dx = VOp/dx = VAp/l. [11] 


When the polymer is a polyelectrolyte it dissociates, e.g., in v cations 
K+ to each polyanion A”, and we can introduce electrochemical potentials 
‘into [9]. Assuming K+ to be in equilibrium throughout the solution just as 
ithe water, we find an electrical potential gradient which we identify with 
ithe “flow potential’: 


—Vdp + Nadia + vNadjix + N.duo = 0. [12] 
Ofixs OX =0= Opo/ OX; djia cS dua = VN 4F dy ° [13] 
Nudpa/ 0x — vN4Fdy/dx = Vop/dx = VAp/l. [14] 


| The flow potential is the Donnan potential of the osmotic distribution 
and except at fairly high salt concentrations the electric term will dominate 
‘on the left-hand side of [14]. 
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Within the elastic range (6) where recoil is almost complete a column of 
polyelectrolyte will therefore act as a transducer and give electric response 
to mechanical impetus with small dissipation of energy. A possible sig- 
nificance of this effect in the sensory functions of the inner ear has been 
proposed (7, 8). 

When at higher pressure gradients the solutions flow at a reasonable 
rate, we can no longer use this static treatment but must insert in an equa- 
tion like [3a] the nonlinear law according to which the polymer network 
yields to an increasing shearing force, but there will still be an osmotic dis- 
tribution and a flow-potential phenomenon, possibly masked by a streaming 
potential. 

Streaming potentials are characterized (1) by having their origin in the 
shearing motion in the double layer on the walls and (2) by depending on 
shearing rate and being zero at zero velocity. They can be treated by On- 
sager’s equations and have the electroosmosis as their reciprocal effect. 
Electroosmosis in polyelectrolyte solutions depends on the aquotization of 
the ionic species and the effect may even have the opposite sign of that 
which would be expected from a misapplication of Onsager’s equations. 

Experiments with polyelectrolyte solutions have been made and await 
completion and publication. | 
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ABSTRACT 


The author has not been able to reproduce the capillary effects described by 
Loosjes (6). It is concluded that the effects observed by Loosjes were due to an in- 
sufficient electric insulation. 

Suspension effects (Donnan-e.m.f.’s) were measured with clay suspensions. A 
simplification of Overbeek’s (5) results permits calculating the suspension effects from 
the measured ionic concentrations and the mobility of adsorbed ions as determined 
by diffusion (7). The measured effects are significantly smaller than those calculated. 
| Two possible causes for this discrepancy are mentioned. 


i 
| 


INTRODUCTION 


Two papers published by Jenny, Coleman et al. in 1950 (1) revived 
interest in the nature of the so-called suspension effect or Donnan-e.m.f. 
(2-4). The issue was clarified largely by a theoretical treatment by Over- 
beek (5). Assuming a number of simplifying circumstances Overbeek 
derives the following equation for the Donnan-e.m.f. in the case of a 

suspension of a negatively charged colloid in equilibrium with a potas- 
sium chloride solution: 
ed tt 4 + sane ee (0.27)° 

PF u—-v-+r 2 Co 
in which £ is the Donnan-e.m.f., cp the colloid concentration, and cp the 
-eoncentration of the dialyzate, both in equivalents per unit volume, F is 
the gas constant per mole, 7’ the absolute temperature, and / the Fara- 
‘day. The parameter y describes the concentration of the ions in the sus- 
pension; it is supposed that the concentrations cx and ¢c; in a suspension 


| 
| 
| 
| 


= 


1 This paper is based on a portion of a thesis, entitled Het Suspensie-effect, sub- 
mitted to the University of Amsterdam, March 1955. Details can be found in this 


thesis (in Dutch). P. 
2 Present address: Cereals Dept. of the Centr. Inst. for Nutrition Research T.N.O., 


Wageningen, Netherlands. hoe 
8 Equations cited from Overbeek’s paper (5) are indicated in this paper by their 


number in the former one preceded by the letter O. 
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in equilibrium with a potassium chloride solution of concentration c are 
given by 


Cx = C+ 2Cp 


(0.17) 


CO — tC UCP 


for all values of c between c and the concentration of the potassium 
chloride in the salt bridges; because electroneutrality holds 


x+ty=l. 


Further it is supposed that the contributions of the potassium ions, the 
chloride ions, and the colloidal particles to the electrical conductivity of 
the suspension are, respectively (cf. equations (0.19) and (O.24)): 


Ao(e + ucp) 
No(c — vep) 
and 
Nore . 


Here \o is the equivalent conductance of both potassium and chloride 
ions in solutions. 

The capillary effect was studied by Loosjes (6) as a model for the sus- 
pension effect. It is the change in the e.m.f. of a cell when a liquid junction 
between a concentrated potassium chloride solution and a dilute solu- 
tion is allowed to enter from a wide tube into a capillary one. Overbeek 
derives the following equation for it, assuming that the dilute solution 
also consists of potassium chloride: 

_ RI ay 2o 


Bere gH. 
cap. F pree 


(0.12) 


in which ¢ is the transference number of the chloride ions in potassium 
chloride solutions, o the specific surface conductance along the glass wall, 
supposed to be carried completely by potassium ions, p is the radius of 
the capillary tube, \ the equivalent conductance of potassium chloride, 
and ¢ the concentration of the dilute solution. 

When Overbeek’s paper was published the present author was engaged 
in an experimental study of the suspension effect. The experiments could 
easily be brought into line with Overbeek’s treatment. Results are re- 
ported in this paper and the preceding one (7). Determinations of the 
surface conductance in glass capillaries permitted a check of equation 
(0.12). An estimation of the mobility of cations adsorbed on clay minerals 


by means of diffusion experiments (7) provided a basis for the check of 
equation (0.27) for the suspension effect. 
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CAPILLARY EFFEc?T 


The electrical resistance of Corning 015 glass capillaries filled with 
10-* M solutions of potassium chloride or hydrochloric acid was measured 
by a method similar to that of Jones and Wood (8). From this resistance, 
the specific conductance of the solutions, and the geometry of the capil- 
lary, the surface conductance can be calculated. It proved to be of the 
order of 1 X 10° mho. Substitution of this value into equation (0.12) 
yields a capillary effect of only 2 mv. in capillaries of 0.026 cm. diameter.' 
In accordance with this result the author could not observe any measur- 


’ able capillary effect provided the electrical insulation was sufficient. The 
- apparent capillary effects reported by Loosjes (6) are believed to be a 
' consequence of electric leakage currents through the wall of the capil- 
lary. This hypothesis permits a nearly quantitative description of Loosjes’ 
experimental results and explains some other phenomena observed by 
_ Loosjes for which he gave no explanation. Moreover the present author 
demonstrated a connection between the apparent capillary effects and 
_ the potential difference between the two solutions on either side of the 
| glass wall in accordance with his hypothesis of leakage currents. 


SUSPENSION EFFECT 


Theory 


Equation (0.27) will be used as a starting point for some further sim- 
plifications. In order to measure sufficiently large suspension effects large 


values of the ratio cp/co are required. Therefore the assumption cp/c) K 1, 


which enabled Overbeek to simplify equation (0.27) to a great extent, 


cannot be introduced into this treatment. 
The quantity y can be evaluated by analysis. It is supposed that v 
equals y: 


1—x=y=v. [1] 


The ratio w can be related to x, 7, and the apparent labyrinth factor g 
from the preceding paper (7). The definition of mobility implies that the 
environment exerts a frictional force —v;/w; upon a particle 7 with mo- 


‘ bility w,; that moves with a velocity v; in respect to its environment. Sup- 


pose that the presence of resting colloidal particles reduces the mobility 
to gw; ; then these particles exert directly or indirectly an additional 
frictional force —v;(1 — g)/gw:, the total frictional force obviously being 


4 The surface conductance of 2 X 10-7 mho mentioned by Overbeek was estimated 
by Loosjes using equations different from equation (O. 12); application of equation 
(O. 12) to Loosjes’ experimental results yields surface conductances of 2-12 X 1077 


mho. 
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—v;/gu;. If the colloidal particles have a velocity vp themselves the 
frictional force exerted by them equals 
Up 707 ' 1- g 
Wi g 

Suppose in an electric field F the velocities of the adsorbed potassium. 
ions and of the (negative) colloidal particles are vx and vp , respectively. 
In the steady state the forces upon these potassium ions balance each 
other: 


ee Oe nee ad ee ee [2] 
Wk g Wr 
(e is the electric charge of the potassium ion, wx the mobility of the potas- 
sium ions in solution). By definition r equals — vp/eFwx . Substitution 
of this into Eq. [2] yields: 
UK 


u/s = Fiporases r{l — gh. [3] 


The denominator of the second term equals the velocity of the potassium 
ions in solution. Therefore and because of the definition of w the second 
term equals u/x. 

Until now the solvent through which the adsorbed ions are moving is 
supposed to be at rest. Probably it is carried along more or less by the 
colloidal particles. Suppose it has a mean velocity 6vp (0 < 6 < 1); then 
in the last term of the left-hand side of Eq. [2] —vx has to be replaced 
by Ovp — vx. The result is then instead of [3]: 


UK 


a /o — = — — — _ 
ERY Sie r{l — (1 — @)g}. [4] 
Substitution of [1] and [4] into equation (0.27) yields: 
RT A+B A-—-B c¢ 
ee eee | Ses a6 pe: 
F A—B Ing 2 4 ; 6] 


in which 
A = gx{1 + (1 — 6)r}; 
B= (1-—2)(1 —71). 


Because of the known values of g, z, and r (see below) it is to be expected 


that both A and B are positive and that in the systems studied B is much 
smaller than A. Then one may write: 


RT Aue 
fifa wegen eet ct gs 
F ng +4 \. [7] 


[6] 


Co 
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x 


The ratio r may be estimated from the electrophoretic mobility of the 
colloid particles. For the clay minerals used and in dilute sulutions this is 
about 3 X 10 * em?/v.sec (9) corresponding to an equivalent conductance 
of 30 mho.cm.’/val or r = 0.4. In the transition layer between the sus- 
pension and the salt bridge the electrolyte concentration is very high 
locally; there the electrophoretic mobility will be much smaller. So the 
Mmean value of 7 that has to be substituted into Eq. [6] will be between 
0 and 0.4. 

The values of L, cp , co, and x can be determined experimentally. The 
quantity g is known from diffusion experiments to be equal to 0.37 and 
0.28 (410%) in the case of sodium ions adsorbed on montmorillonite 
and kaolinite, respectively (7). It is supposed that the same values apply 
to adsorbed potassium ions. The ratio r lies between 0 and 0.4; so the 
factor {1 + (1 — 6)r} lies between 1.0 and 1.4 and is estimated to be 
(1.15 + 0.15. By substitution of these values and the value of x deter- 
mined by analysis into Eq. [6] one can calculate A. Then Eq. [7] yields a 
value of / that is to be compared with the experimental value. 

Although Overbeek’s derivation is made for a colloidal suspension in 
equilibrium with a dilute potassium chloride solution the present author 
| also applied Eq. [7] to systems containing some hydrochloric acid as well 
as potassium chloride. It is believed that this extension does not change 
the general character of the conclusions. 


Experimental Part 

_ Materials. The colloids used are the same clay minerals as described in 
the preceding paper (7). They were purified in the same way; however, 
electrodialysis was not necessary. The acid suspensions were neutralized 
partially with potassium hydroxide. 

Methods. Two cellophane tubes each containing 200 ml. suspension 
were placed in a glass tube with 150 ml. of a 0.001 M solution. The two 
suspensions contained different quantities of the same mineral; at the 
beginning of the experiment the two suspensions contained the same 
amount of adsorbed potassium ions per gram mineral. The solution was 

composed of potassium chloride and hydrochloric acid in a proportion 
that was expected to correspond with the equilibrium solution of the sus- 
“pensions. The solution and the suspensions were equilibrated for 100 
hours in an end-over-end shaker. : 
After equilibration three e.m.f.-measurements were made in each of 
the suspensions and dialyzates, viz., between a glass (hydrogen) elec- 
trode (Philips GM4241), a silver/silver chloride electrode prepared ac- 
cording to Brown (10), and a calomel electrode (Cambridge). The calomel 
electrode was connected to the system to be studied by a siphon con- 
taining an agar-agar gel soaked in a solution containing 7/4 M potassium 
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nitrate and 1/4 M sodium nitrate; this salt mixture is believed to behave 
electrically like potassium chloride without contaminating the system 
studied with chlorine ions (11). The e.m.f.-measurements are thought 
reliable to 1 mv. They are reported below as pa-values that are defined 
as follows (¢ is the electrical potential of an electrode with respect to the 
solution in millivolts): 


[ae oe PO — 50 la 2 pa 
ous ey eon ap a) 5Otses, paH [8] 
oe # oun i Q + 59.14 x paCl 


The constants P and Q were determined by the arbitrary assumption 
that in a 1.00 X 10° M hydrochloric acid solution paH = paCl holds; 
then in that solution at 25°C. paH = paCl = paHCl = 3.015 holds (13). 

No direct measurements of the Donnan-e.m.f. were made. However, if 
the equilibrium between the suspension and the dialyzate has been estab- 
lished, the Donnan-e.m.f. EF is identical with the suspension effect: 


E/59.14 = paH™” — paH™*" = —paCl™” + paCl®™ (9] 


A check of the equilibrium is furnished by the condition paHCl” = 
paHCl"*" ; column 7 of Table I shows that only slight deviations from 
the equilibrium occurred. The differences between the columns 10 and 11 
are caused by these deviations in cooperation with errors in the electrie 
measurements. 

To aliquots of the suspensions were added tenfold volumes of water 
containing an amount of barium nitrate that was at least ten times the 
equivalent of the base exchange capacity of the mineral. After sedimenta- 
tion the supernatant liquid was analyzed. Hydrogen and chlorine were 
titrated potentiometrically with sodium hydroxide and silver nitrate, 
respectively. Potassium was determined by means of a flame photometer. 
The dialyzates were analyzed directly. The mineral content was deter- 
mined by evaporation of the water and drying at 105°C.; it is converted 
into equivalents per liter by means of the exchange capacities of the 


minerals (790 and 55 microequivalents per gram montmorillonite and 
kaolinite, respectively). 


Results and Discussion 


The results have been summarized in Table I. 

From the analytical results it is concluded that x has a value between 
0.95 and 1. The negative charge of the mineral particles is neutralizec 
almost completely by an excess of cations and not by negative adsorptior 


° The value of 59.14 mv. for 2.30 X RT/F is applicable because all e.m.f.-measure 
ments have been made at 25°C, (12), 
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] TABLE I 
Analyses of the Suspensions and Dialyzates, and a Comparison of the Measured and 
t Calculated Suspension Effects 
ApaX = paXsusp. 23, paxiial. 
__ Analyses Mcasiremenixcr Suspension effect 
Tube and (milliequivalents per liter) 
mineral Measured Calculated 
' cP on cH ae? 2a ci chet eH oe) moh pect i Aa 
A 0 1.1 |<0.003)} 1.0 | +0.1 | 4.41} 5.79] 3.05 
i montm.| 3.9 | 3.3 0.9 1.0 | —0.7 | 4.37) 5.62) 3.12) 0.17 | 0.07] 0.26) 0.23 
i) NON tae ies 1.0 | —2.7 | 4.36) 5.37) 3.32) 0.42 | 0.27] 0.52] 0.43 
B 0 Sal 10205) le Gol t— OL 28 leseon4.. 62102. 88 -- — 
montm.| 4.3 | 3.8 6 1.4 | —0.3 | 3.72) 4.51) 2.95) 0.11 | 0.07) 0.21) 0.20 
TO paleo. 3.1 | 1.3 | —3.6 | 3.71) 4.37) 3.09} 0.25 | 0.21} 0.40) 0.31 
Cc 0 1.0}; 0.03 | 1.1 | —0O.1 | 4.19) 5.40) 3.00 
kaol. 4.2| 4.1 0.5 | 0.9 | —0.5 | 4.16) 5.25) 3.09) 0.15 | 0.09} 0.21] 0.19 
11.0 | 9.2 leo 1.0 | —1.6 | 4.13) 5.04) 3.26) 0.36 | 0.26) 0.42} 0.38 
D 0 0.9 0.01 | 1.0 | —0.1 | 3.81) 4.62) 3.00 
} kaol. BO lei) | 2D 1.0 | —0.9 | 3.81} 4.54| 3.10 0.08 | 0.10) 0.20) 0.16 


* Do = cx + cH — Cp — Cq. 
¢ Column 12 was obtained by substitution of the values of column 2 into Eq. [7]; 
jfor the calculation of column 13 cp has been replaced by cx + cg — Cc1. 


»of anions. This result is to be expected in suspensions of particles with 
rather strong negative wall potentials and diffuse electrical double layers 
Jthat do not interpenetrate (14). 

. Column 6 shows that either the analyses in the suspensions are not 
completely reliable or the exchange capacities used are too high. 

_ The suspension effects calculated (columns 12 and 13) have been ob- 
jtained by substitution of z = 1.00 and the values of g and {1 + (1 — 4)r} 
/mentioned above into Eqs. [6], [7], and [9]. Because of the uncertainties 
in each of these quantities the possible error in the calculated suspension 
effects is about 0.04 unit for the dilute and about 0.08 unit for the con- 
‘centrated suspensions. 

The differences between the measured and the calculated suspension 
effects are considered to be real. Two possible causes for these differences 
exist. 

In the first place the values of g originated from diffusion experiments 
‘with sodium ions. In the preceding paper a connection was suggested 
between the displacing power of the ions in exchange reactions and the 
value of g (7); potassium ions being more strongly adsorbed (15) it might 
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be expected that for the potassium ions used in the present experiments 
the real values of g are smaller than the values used. 


In the second place in the transition layer between the salt bridge and — 


the suspension the electrolyte concentrations are higher than in the sus- 
pension itself. With increasing electrolyte concentrations and under the 
condition of constant charge the wall potentials decrease and, therefore, 
x decreases from 1 to the minimum value 14 (14). The value of x to be 
substituted into Eq. [6] may be much smaller than that determined by 
analysis of the bulk of the suspension. 


The results of the present experiments do not give a conclusive proof — 


of the correctness of Overbeek’s approach. Nevertheless the agreement 
between the theory and the experiments is sufficient to suggest that his 
approach is useful and that its experimental verification and attempts to 
reduce the number of approximations in its working out should be the 
objects of further investigations. 

The relationship between the ionic concentrations and the Donnan- 


e.m.f. or suspension effect may be summarized qualitatively as follows. — 


The Donnan-e.m.f. is much smaller than corresponds with the ratio of 
the concentrations of the counter ions in the suspension and in the dia- 
lyzate; it is a little greater than corresponds with the ratio of the concen- 
trations of the ions carrying an electric charge of the same sign as the 
colloidal particles. The same relationship has been found with sols of 
congo red (16), tin-I[V-oxide (17), edestin (18), gum arabic (14), and 
montmorillonite suspensions (19). 

Remarkably Peech, Olsen, and Bolt (3) and Raupach (20) independ- 
ently measured positive Donnan-e.m.f.’s with suspensions of clay min- 
erals carrying bivalent ions adsorbed; nevertheless the electrokinetic 
potentials were negative. Marshall’s (4) criticism of the explanation by 
Peech et al. seems to be correct. Suppose application of Eq. [5] to a system 
containing potassium as well as calcium ions is permitted. Then a positive 
suspension effect is possible if B is negative, its absolute value being 
higher than A. This may occur if the electrophoretic mobility of the col- 
loidal particles is very high (r > 1), the adsorbed ions have a strongly 
reduced mobility (g small), « is small, and @ is high; the first two condi- 
tions seem to be incompatible. For a solution of this problem the deter- 
mination of g for divalent ions seems desirable. 

In further experiments more dilute dialyzates in order to excite larger 
suspension effects will be advantageous. Then some of the analyses will 
have to be carried out by means of radioactivity. 
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ABSTRACT 


Equations describing the changes with time of the electric charge distribution of 
coagulating aerosols are solved for lightly charged systems. The solutions are com- 
pared with experimental data from the literature on the electric charge distribution 
of initially uncharged ammonium chloride aerosols and good agreement is obtained. 
The theory is used to describe qualitatively the change in electric charge distribution 
of silica dusts previously studied experimentally by Gillespie. 


INTRODUCTION 


Aerosols created by chemical means, air blasts, or electrical ares are 
usually charged. The mechanism of the charging process has been dis- 
cussed by many authors but will not be considered in this paper. The 
subsequent change in electrification during the aging of an aerosol may 
be due to coagulation of its particles, their collision with ions normally 
present in the atmosphere, or photoelectric ejection of electrons due to 
ionizing radiations. The effects of such mechanisms on the charge dis- 
tribution in aerosols has not been well explored. Patterson (17) has con- 
sidered the effects of coagulation and ion capture on the ratio of charged 
to uncharged particles in certain cases; Arendt and Kallman (1) have 
worked out the charging of aerosols exposed to an atmosphere of ions all 
of which were of the same polarity; Lissowskii (11) has discussed the elec- 
trical charge distribution of rarefied aerosols in an equilibrium state due 
to ion capture; and Kunkel (9) has studied the discharging of highly 
charged dust particles suspended in air and has given experimentally 
determined electrical charge distributions of ammonium chloride aerosols 
which were originally uncharged. More recently, Gillespie (4, 5) has 


‘This paper constitutes Suffield Technical Paper 66. 


* Now with Special Defense Projects Department, General Electric Company, 
Philadelphia, Pennsylvania. 
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‘made experimental determinations of the electrical charge distributions 
in vycor dusts as a function of time (see also Gunn (6, 7)): 

In this paper we shall consider the variation with time of the electrical 

charge distribution of lightly charged coagulating aerosols. We shall be 

| concerned only with initially symmetrically charged, monodispersed 

systems of spherical particles which are kept so well mixed as to be spa- 

tially homogeneous and of particle size greater than 2 X 107° cm. 


NovTaTIOoNn 


» ‘The following symbols are used throughout the paper: 

Ni(q, v, t)dq dv is the number of aerosol particles per cubic centimeter 
/at time ¢ whose volumes lie between (v — 14 dv) and (v + 14 dv) and 
-which have a charge between (¢q — dg) and (¢ + dg) electronic 
| units. 


N(q, t) dq a i N,(q, Vv; t) dv-dq. 


+00 


NW = [NGO aa, 


No = N(0). 


The probability is k(q, p, v, u) dt that a particle of electronic charge 
| between (¢ — M4 dq) and g + dg) and volume between (v — 1% dv) 
and (v + 44 dv) will coagulate with a particle of electronic charge between 
(p — dp) and (p + \% dp) and volume between (u — 1% du) and 

(uw + 4% du) during time dt; the constant k is taken to represent 
| k(q, p, v, uw) independently of g, p, v, u. B(g, v) dt is the probability of 
a particle of charge between (¢ — 14 dq) and (¢ + 14 dq) and volume be- 
tween (v — 44 dv) and (v + % dv) being lost to the aerosol by sedimen- 
tation or by collision with the aerosol chamber walls during time dt; the 
constant 6 is taken to represent 8(q, v) irrespective of g and »v. 

¢i(g, v, n) dt is the probability that a particle of charge between 
(q — 1% dq) and (¢q + ¥% dg) electronic units and volume between 
(v — 14 dv) and (v + % dv) picks up an atmospheric ion of the same po- 
larity in time dd. 
 ¢2(g, v, n) dt is the probability that a particle of charge between 
-@ — % dq) and + ¥ dg) electronic units and volume between 

(v — 14 dv) and (v + % dv) picks up an atmospheric ion of the opposite 
polarity in time dt. ; 

n.(t) is the number of positive ions per cubic centimeter of the aerosol 
at time ¢. 
n_(t) is the number of negative ions per cubic centimeter of the aerosol 

_atmosphere at time 7. 
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y is the number of ion pairs produced per second per cubic centimeter 


of the aerosol atmosphere. 
a is the recombination coefficient expressing the probability of a posi- 
tive ion recombining with a negative ion in unit time in an atmosphere of 


unit positive and negative ion density. 
D,., D_ are the diffusion coefficients of positive and negative ions, re- 


spectively, in the aerosol atmosphere. 
X,, X_ are the mobilities of positive and negative ions, respectively, 


in the aerosol atmosphere. 
a is the radius of the spherical aerosol particles. 
= X,e/Dia = X_e/D_a, where e is the electronic charge in e.s.u. 


00 
NGS, t) = i exp (2migs)N(q, t) dg, the Fourier transform of N(q, ¢). 


t t 
Bey I fea ie HIS i 4naD_n. dé. It will be established later thar 
0 


for all practical purposes we may take Dyn, = D_n_ = Dn. 
A(t) = exp(—r7). 


THE FUNDAMENTAL HQUATIONS 


The following are the general equations describing the process of aging 
of an aerosol: 


aN,(q, 2, t) 
ot 
mai ee 
7S au , Ba — P,P,v — u, wNi(q — p,v— 4U, t)Ni(p, u, t) dp 


90 +00 
—N,(q, v, t) i du [. k(q, p, v, wNi(p, u, t) dp — B(q, v)Ni(q, 2, t) 


+ [di(q — 1, v)Ni(g — 1,2, t) + o2(¢ + 1, v) Nig + 1, », 2) 
ro {dilq, v) =F 2(q, v) 1Ni(q, v, t)l, 


On4 


= = Y — on. ne -[ du lf oi(q, WNi(q, u, t) dq 


ae | o2(q, u)Ni(—4q, u, t) aa 


+00 
du i $2(q, wig, U, t) dq 


+ I A filq, WNi(—4q, u, t) aa| 


BT 
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where all the integrals are to be interpreted in the Stieltjes sense. Equa- 
, tions [1’], [2’], and [3’] are generalizations of equations given in part by 
Tunitskii (15), Kunkel (9), and probably others. Their derivation is ob- 
vious from the definitions of the symbols. 

If we restrict ourselves to systems which remain reasonably mono- 
disperse, take k(q, p, v, uv) = k and B(q, v) = B to be constants through- 
out and integrate both sides of Eq. [1’] with respect to v from 0 to ~, we 
obtain the following equations: 
dN(q,t) _ k 


00 
sec if _ N@— p,)N(p,0) dp — kN, ON] — BN(G, 1) 


+ [hi(q — DN — 1,t) + w(¢ + 1)N(q 4+ 1,2) 
— {d:(g) + o2(g)}N(q, OI, 


2 ee | i ¢:(q)N(q, t) dq + i o2(g)N(—g, t) au, [2] 


[1] 


and 


a SRR TUES Bo || o(qQ)N(q, t) dq + | o(q)N(—4, t) aa]. [3] 

In order to solve Eqs. [1] to [3], it is necessary to obtain analytical ex- 
pressions for ¢:(q) and ¢2(q) by solving the appropriate equations of dif- 
fusion. The assumptions under which the equations are solved are those 
used by Von Smoluchowskii (14), who considered a particle of an aerosol 
as a perfect absorber in the field of the other aerosol particles and cal- 
culated, by diffusion theory, the rate at which it pulled up its neighbors, 
due consideration being taken of the average particle concentration at 
that time in the aerosol. To a high degree of approximation, this was 
taken as the accretion rate due to a concentration gradient at the particle 
equal to the quasi-stationary state concentration gradient when the con- 
centration at infinity is taken to be the average concentration in the 
aerosol at that time. Von Smoluchowskii’s model is valid if the adapta- 
tion to the quasi-stationary concentration gradient at the particle can 
keep step with the changing particle concentration. Following the model 
just described, the aerosol is considered to consist of perfect spheres of 
radius a suspended in a bipolar ion atmosphere. Since the aerosol particles 
are large compared to the ions, the particles are considered as stationary 
in space with respect to the ions while the latter are considered to move 
about in Brownian motion under the influence of the Coulomb forces 
between them and the aerosol particles. If it is assumed that the ion con- 
centration is so small compared to the aerosol concentration that interac- 
tions between ions can be neglected, the diffusion equations give 
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o(q, n) = 4raDnrq/{1 — exp(—rg)], [4] 
éx(q, n) = —4xaDnrq/{l1 — exp(rg)], [5’] 


where r = Xe/Da, and n, X, and D can carry the subscripts + or —. In 
this paper we shall consider only those cases for which the first two terms 
of the Taylor expansions of Eqs. [4’] and [5’] are sufficient. Thus, in all 
that follows 


di(g,n) = 4raDn (1 - ra), [4] 
and 


a earn (1 ae ‘). 5 


Tur GENERAL SOLUTION OF THE FUNDAMENTAL EQUATIONS 


Subject to the limitations of Eqs. [4] and [5], Eq. [2] and [3] can now 


be written 


oo 
= = 7 — anyn_ — 4raD.n, [ (1 7" a) N(q,#) dq, [2”] 
and 
an_ a r Ss ” 
a = 7 — an,n_ — 4raD_n_ 1 .+- 54 N (q, t) dq. [3°] 


For most aerosols considered in practice,’ an ion quasi-equilibrium is 
reached so quickly that the initial charge distribution of the aerosol is 
not appreciably changed during the time required to attain the state. In 
these cases we can write 


4raD. ns = is ti é 
: 
Q € — Fa) N@d dq 
and 
4raD_n_ = Y 


[. (+540) Neo ay 


3 For example, if a = 2 X 10-5 em., V(0) = 
equilibrium is obtained in less than 30 sec. 
tured by aerosol particles. These can have 
distribution. 


10’/em.’, and y = 12/em.?/see., quasi- 
, In which time at most 3500 ions are cap- 
no appreciable effect on the initial charge 


a 
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Now if the initial distribution N(q, 0) is symmetrical, and ¢ is measured 
from the time quasi-equilibrium is attained, 


4raD,n(0) = 4raD_n_(0) = aa 


(ie) - (G4) 


and Eq. [1] gives 


) so that N(q, dt) is symmetrical and, in general, by repeating the process 
it is clear that N(q, t) is symmetrical. Thus 


4raD,n,(t) = 4raD_n_(t) = OR (2, 3] 


and Kq. [1’] becomes 


+2 + 
ere : ii N(q — p, t)N(p, t) dp — kN(q, )N(t) — BN(q, t) 
af if Fy es 
+251 Clee v} N(q - 1,8) (1) 


+{1 +5 q+ v} Ng +1.) ~ 2NGa,0 | 
Equation [1] is solved by taking its Fourier transform. Writing 
+a 
N(s,t) = / exp (2ri sq) N (q,#) dq, 


z = exp (277i s), 


and 
x(z,t) = (NG, OT, 
we get 
ox at 2, Ox OS Pet Ares Bh. Dae | 
wa — V+ | ERY _ ase +0) |x : 
ii 


To solve Eq. [6] we restrict ourselves, first of all, to the surface 
t = t(b), 
and 
= 2(b) [7] 
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so that 
x = x(0), 
where b is a running parameter. On the surface given by Eq. [7] 


dx _ Oxdt , oxide [8] 
dob ot db dz db’ 


an equation which must be identical with Kq. [6], so that we must have 


dis a 9 
Gah [9] 
dee ee [10] 
db 2N (t) 
and 
dx _|a9 Space) lap ul 
% — [ary +e- gt SoU |x 5 (1 
Equations [9] and [10] have the solution 
aD ye 12 
r(E) Cictas) Q, [12] 
where 
A(t) = exp (—r7), [13] 
t t dt 


and a is an undetermined parameter. Equation [12] can be solved for z 
in terms of a and X(t), so that Eq. [11] can be written in the form 


[15] 


where 


Pel REN ee 
flay) =| (eo + 9 ae [16 


ates 


HKquation [15] has the solution 


x= e| [ soda|[ 2-8 [exn{—[' se,0 at a], [17] 


and thus 
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g(a) exp - i “fla, t) at 


a 5 g(a) [er{-[reo ah dt 


where g(a) is an arbitrary function of a and N(a, #) is the value of N(z, t) 
corresponding to the solution of Eq. [1] on the surface represented by 


Kq. [7]. . 
To evaluate [ f(a, t) dt, we use the fact that 
0 


N(a,f) = 


[18] 


ONG) = i < 
Se eae) ek [19] 


which is the form of Eq. [6] when z = 1 (cf. Gillespie and Langstroth 
(3)); 1t is to be noted that we write k/2 for the coagulation “constant” 
whereas k itself is used in the afore-mentioned paper), and obtain the 


result 
” 1L—a/V OY" (an aN (t) 
[ soa =m{( — ) ( . ) (ae )I. [20] 


1- 5 9(a) i (4 - aus} By 


le OAC i 


To obtain the solution independent of the surface given by Eq. [7], put 


‘Thus 


a =r) & = ‘) = —7ir(t) tan rs, [22] 
and 
(1 — a°)""g(a) = h(ia) 
and get 
h(r(t) tan zs) (ea y en 
N(s,t) = 


(1 + tan’ 2s)” — NNO tan 7s) 


[ [rte (E2)/2) J 


*(u) 


[23] 
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where h(x) is an arbitrary function of 2. When the initial conditions are 
satisfied we get 


em) AOL) 


w{} tan (A(¢) tan 7s), oh 


N(s,t) = 


jee a [24] 
= N {1 tan (A(t) tan zs), 0} 
es 0 we [S2)/ 2) 
o | L + Pu ay tant TS Ou du /o 
Equation [24] can be written in the form 
N(s, t) = a + 2 > 52-1 dn cos 2m ns, [25] 
where 
On = ss ix N GS ) cos nd dd, |26] 
and the solution of Eq. [1] takes the form | 
N(q,t) = a + D2 ald(q +n) + dq — n)], [27] 


a result which is obtained by inverting Eq. [25], where 6(q) is the Dirac 
delta function defined by the equations 


6(q) = 0,¢ # 0 
and 


[a a = 


THE ParTICLE CHARGE DisTRIBUTION IN A NONCOAGULATING 
AEROSOL 


In this section we shall consider a dilute aerosol for which coagulation 
has little effect on the changes in charge distribution. 


a. First. of all, for simplicity, consider the case for which (r/2)q¢ « 1 
for most particle: of the aerosol. Then Eq. [1] can be written 


ON (q,t 
ae = N@ — 1,7) + N(q+ 1,7) — 2N(q,7). [28 


As before, we take the Fourier transform of Kq. [28] and get, finally, 
N(s, t) = N(s, 0) exp{2(cos 2s — 1)r}. [29} 


| 
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A known expansion, however, gives 


exp{2r cos 27s} = I)(2r) + 2 >°°_, cos 2x ns I, (27), 


(cf. Whittaker and Watson (16)), where J,(2r) = J,,(@27) is the Bessel 
function of the first kind of imaginary argument. 
Inverting Eq. [29] we get 


N(q, t) = N(q, 0) In(2r)e 


30] 
+ DL NG +20 + NG— nO LODE, | 


which is the solution of the problem. If the acrosol is initially uncharged 


N@, 0) aa N.8(q), 


and 


N(q, t) pe irae 
ee I(2r)e* 8(q) [31] 


+ Deter [6(¢ + 2) + 6(q — n)] In(Qr)e™. 


b. For more highly charged aerosols, we may put k = 0 in Eq. [24] 
and get 


2 2 2/r 
Rep é + )'(t) tan’ rs 


eat | ey 
— — t : 
MeMeete a N . tan (A(é) tan zs), oh [32] 


As in subsection (a), we consider the case for which N(q, 0) = No6(q) and 
| get 


Wa . 2 2 2/r 
te No fe ? + '() tan ve) Bai 


Qn 1 + tan? ¢/2 33) 
No 1 Ab (2) 2/r ine io »’(t) 2/r , 
a aa ae I Bon ey oe cos nd d¢ . 


It is well known, however, that 


a Co eg ule [ is [x + (2” — 1)” cos ¢}"”" cos ng do 
ae — 7 


(Whittaker and Watson (16)), where P2/,(x) is the associated Legendre 


function | argv | < 2/2 and 
a(n + 2/r) = (1 + 2/r)(2 + 2/r) --- (m+ 2/r). 
| Thus 


Owe. [: 4 al 34) 
Dishige pope | Reo) Pa 


154 GEORGE LUCHAK 


and finally 


N(q, t) _ y2/r n 1+ 
re "(t) Pi, | ONO) joo Be 


Ole. oe [ t 7 | 
oy Phy | a | {8 6(q — n)}, 
+ Linley + oy P| om {6(q + n) + dq — n)} 
which is the solution to the problem. 

To show that Eq. [35] approaches the form of Eq. [31] it is only neces- 
sary to note that 


1 n (1 +O . Per (cosh rz) 
in ae aH Pe (ye) ~ Tee ay ~ 
a result which is obtained by a slight alteration of an example in Whit- 
taker and Watson (16). 

It is worth deriving a simple expression for the equilibrium charge 
distribution in an aerosol. This can be found by letting t — « in Eq. 
[34]. In this case 


An 1 <4 4/r 


eects cos “'(/2) cos mi do. [36] 
If (4/r) is an integer, however, we get (MacRoberts (12), p. 287) 
On T(1 + 4/r) 1 


ae Ox -(2 n [37 
Ni ar OE 
Equation [37] was first obtained by Lissowskii (11). 


Tue Particle CHarGr DisrrrBuTion IN AN AEROSOL IN 
WuicH THE Errects oF Ion Capture ARE IGNORED 


In this case it is only necessary to let y > 0 in Eq. [24]. Then 


wey Ca )/ Fr), 260 


Wc ~ | 
ae aN (0) N(s, 0) 
; ( ot i] 


If, for simplicity, we consider an aerosol for which B = 0, we get 
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ty 21° pt Mon) cos nd dd 
NG) tr ah [ees Ora a 
2a Sie oie = 
If 
N(q, 0) 6 - 
oO = anil) +2 D0 a | fe ioatle aL [40] 
N(/2m, 0) = ao + 2 >> ap cos no. [41] 


Consider the special case a, = 0 for n > 2 and evaluate a,/N(t) to the 
first order in ¢. In this case we get 


Goes NONE A ig (ai + ai) 
Ni) aE 5 Not ag ore, ee , 


i - ce 1 # 5 Not - sede | [42] 
ae 2a an > Not, 

and 
WO = al Not. 


_ Equations [42] can be useful for determining the effect of coagulation on 
the eleetrical charge distribution if the initial distribution is dense about 
the origin. 
: Tunitskii (15) made calculations of the electrical charge distribution of 
/ aerosols when the effect of the electrical charge of the particles on the 
coagulation rate is taken into account to the first order in g and con- 
cluded that, for symmetrical distributions, the mean absolute magnitude 
of the charge on the particles decreases with time and does not depend 
' on the parameter characterizing the first-order effect; i.e., the result of the 
calculation to the first order is identical with the corresponding result to 
the zeroth order and is independent of the original charge distribution. 
_ Equations [42], however, indicate that the initial electrical charge dis- 
tribution determines the subsequent behavior of the mean value of the 
| absolute charge. If, for example, we take 


ao = Ve: (0.5 Ie 2/9, a2 = 1/9, 
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the mean value of the absolute charge is 


8 Ake 
G@=-|1+--WNol}, 
q 9 | ae Toe | 
a function which, to the first order, increases with time. 


COMPARISON OF THE THEORY WITH EXPERIMENT 


The amount of data from experiments suitably designed to elucidate 
the fundamental mechanisms theoretically considered in this paper is 
small. Lissowskii (11) has shown that Eq. [37] describes the electrical 
charge distribution in mineral oil aerosols when equilibrium has been at- 
tained. Recently Kunkel (9) has determined experimentally the charge 
distribution in an ammonium chloride aerosol which was initially un- 
charged. Since Kunkel gave no indication of the initial particle number 
density, the particle size, or the rate of creation of atmospheric ions in 
his aerosol chamber, data obtained by Gillespie and Langstroth (3) were 
taken to be representative for Kunkel’s aerosol at 3 hours, y was taken 
to be equal to 12 ion pairs per em.° per sec., a value intermediate to the 
value y = 10 theoretically determined by Hess (8) and the value y = 
15 on average experimental value between 11 a.m. and 5 p.m. reported in 
the Compendium of Meteorology (1954) for Washington, D. C., in 1935. 
In the case of the Kunkel aerosol, coagulation has little or no effect on 
the particle charge distribution since, when the aerosol is dense in the 
initial stages of the aging, it is uncharged; on the other hand, when the 
aerosol has become more highly charged it has thinned to such an extent 
that ion capture is much more important than is coagulation in changing 
the charge distribution. Calculations, therefore, were made from Eqs. 
[31] and [85]. As can be seen from Fig. 1, there is excellent: agreement 
between theory and experiment. 

Gillespie (4, 5) has made measurements of the time variation of the 
electrical charge distribution in an aerosol formed by blowing up silica 
dust with a blast of air at 10 lb./in.”. Although the dust is too highly elec- 
trified to provide a suitable test of the formulas developed in this paper, 
nevertheless a qualitative description of the effect of the aging of the 
aerosol on its electrical charge distribution can be given here. It is, first 
of all, useful to consider the dimensionless number a for a rough assess- 
ment of the relative importance of coagulation and ion capture in changing 
the proportion of neutral particles, where 


= al lesan meted 
: Hers 
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PARTICLES OF 1-0 pL AFTER 3 HRS. 
DIAMETER 


0-20 


© Frequency 


5 -4 -3 -2 -1 ae ' 2 3 
——~--—— PARTICLES OF 0-4 7. AFTER 24 HRS, 


DIAMETER 1 


0-20. 


UE er itod pie 
ae oe PARTICLES OF O-6yL Pas 
DIAMETER 7 


© .Frequency 


-6 =4 -3 -2 =) ° ' 2 3 4 5 


CHarGe Im ELECTRON Units 
Fig. 1. Comparison of theoretical curves plotted from Eqs. [81] and [35] of this 


_ paper and experimentally determined charge distributions of ammonium chloride 


aerosols studied by Kunkel (10). In spite of the fact that ammonium chloride par- 


ticles are in no sense spherical, the agreement between theory and experiment is 
excellent. 
: 


and P, is the proportion of neutral particles, P, the proportion of particles 
having n charges, and P. the proportion of charged particles at time t. 
- For Gillespie’s aerosol we get 


oo(5) = 0.41, —-0o(30) = 0.62, (60) = 0.68, — 0120) = 0.12. 


Thus coagulation and ion capture are both important initially but, after 
2 hours, coagulation becomes relatively unimportant and the process of 
ion capture determines the changes in the proportion of neutral particles 


| 


as a function of time. It is also worth noting the equilibrium distribution 
to which the electric charge distribution will tend when the aerosol has 
aged sufficiently. For a particle diameter of 1.5 » the percentage of neutral 


| particles at electrical equilibrium is 11%, a result obtained from Hq. [37]. 
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For 1-n particles the figure rises to 13% and for 0.75-u particles it be- 


comes 16%. 

Taking the distribution given by Gillespie (4) for the 10 lb./in.” blast 
silica aerosol at 5 min. as symmetrical by averaging corresponding posi- 
tive and negative sides of the distribution it is required to predict the dis- 
tribution at 60 min. Since Porton Technical Paper 289 is rather inac- 
cessible, an extract of Gillespie’s data on the 10 lb./in.” aerosol is given 


in Appendix 1. 
In order to integrate Eq. [26] in this case it is, first of all, necessary to 


evaluate 
: 1 + tan’ xs eee fe ~ | 
5 ON (u) aN (u) 
[ f + x) tan” I( Ou \/( Ou ),] oe 44 


*(u) 
an integral which appears in Eq. [24]. In the integrand of [44] 


(CIP)/(P) Janeen 


1 =Ettan es 
2 
1+ X(t) tan’ as 


(uw) 


also 


is continuous for all w and all real s. Thus we can apply the mean value} 
theorem and get 


(er) / (Fr), 


1+ N@ tan’ as " — f1 “ 
| 1 + tan? rs | ny} tan (A(é) tan zs), oh 
eon eee , (45))) 
1 — 5 ny tan” (A(é) tan zs), ol 


1+tan’zs Pron) — | 


NOs aN (t) 
Le Ch) tan’ 7s ( ) 


N(s, t) = 


ot 


where 0 < &(s) < ¢. In most cases \’(é) is a slowly varying function, andd 


it will be sufficiently accurate to put 4 = i/2: | 

For a = 7.5 X 10” em., N(5) = 8.7 X 10‘/em.*, N(60) = 3.5 & 10° | 
Bol 60 Laat ae 12 ion pairs/em.*/sec., 8B = 4 X 10 */min., and k/2 4 
2 X 10 *cm.'/min., the average value of the coagulation “constant” fod 
the first hour of the aerosol studied by Gillespie (4), we get X(t) = 0.84 
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| and \*(t/2) = 0.92. The evaluation of Kq. [26] was done graphically with 
the following results: 


Theory Experiment 
a = 0.100 a = 0.074 
a, = 0.078 a = 0.065 (average) 
ad, = 0.070 a. = 0.057 (average) 
as = 0.057 a3; = 0.052 (average) 


At 120 min., the calculations indicated that the number of neutrals 
had decreased to 8.3%, which is to be compared with 10% obtained 
| experimentally. 

If the diameter of the aerosol particles is taken to be 0.75 u, the per- 
centage of neutrals at 60 min. turns out to be 8.3 %, which is in somewhat 
better agreement with experiment. In this case, at 120 min. a calculation 
| gives the percentage of neutrals to be 8.9, which is to be compared with 
the figure of 10% obtained experimentally. 

Taking the electrical charge distribution at 120 min. from Gillespie’s 
| (4) paper, we obtain from a calculation of the distribution 1 hour later 
the percentage of neutrals to be 9.2, which is to be compared with 14% 
obtained experimentally. Thus, in the latter case, the agreement with 
| experiment is not good. The inadequacy of the theory to explain the 180- 
/ min. distribution, given the 120-min. distribution, is probably due to 
| the neglect of the electric charges of the high proportion of particles with 
more than five electronic charges. The competition for ions, in this case, 
/ would be in favor of the highly charged particles and thus one would 
| expect equilibrium (16% neutrals for particles of diameter 0.75 uw) to be 
attained more quickly than our formulas would predict. 


DISCUSSION 


| It is evident, from the considerations of this paper, that the results of 
1 an experimental investigation of aerosol electrification cannot be ade- 
| quately explained in terms of theory unless the investigation is made 
| sufficiently broad to include a consideration of not only particle charge 
| distributions but also size distributions and ion production rate during 
| the aging of the aerosol. As yet, unfortunately, such experimental data 
/ do not exist. 
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APPENDIXs 
The Determined Charge Distribution at Various Times for a Typical Silica Dust Aerosol | 
Produced with the 10 lb/in? Air Blast (Actual Data Have Been Condensed) 


% of total particles having charge gq electron units 


q 5 min. 30 min. 60 min. 120 min. 180 min. : 
0 37.2 14.9 7.4 10.0 14.3 

pos neg pos neg pos neg pos neg pos neg. 
1 4.8 |6.0 | 9.1 |6.5 | 6.1 |7.0 17.9 | 7.0 | 16.3 |e 
2 3.9 |4.0 | 48 {4.7 ] 5.0 16.4 16.8 |8.5 | 619) cae 
3 3.3 13.5 | 29 |4.0 | 5.3 15.0 14.9 | 5.1 | 5.o4gam 
4 3.4 [2.2 | 2.5 | ao) 4B 9946 /4.0973.89) 995 eee 
5 2.4 |1.9 | 24 14.0 | 3.0 | 40 13.6 | 3.2} 9.0 ;eeee 
6 2.8: 4-107 )(] 2y0 le S56 ig SaeE SB os ee 1.8| 2.9} 
7-9 5.6 {3.3 | 42 |[88.| 5.5 |8.0 |5.5.1644 42 eee 
10-15 5.0 |3.1 | 56 16.7 + $3.9 |9.0 |4.4. 17.0 | 2.8 eee 
16-21 | 14 |1.5 | 28 |25 126 |25 12.7 13.3 | 1.31 om 
22-30 1.0 {09 | 1.8 1114 ["1.8 [21 P1281 OF | oto 
3140 | 0.5 |0.2 | 0.4 |0.6 | 0.2. |0.5 |0.4 |0.4 | 0:2 peel 
41-60 0.14 | 0.12] 0.08 | 0.15 | 0.1 | 0.02 | 0.02 | 0.03 | — | =m 
61-80 0.03 | 0.05 | 0.08 | 0.08] O.027) — 9) == 2 
81-100 | 0.03 | 0.02} — ds a — | Se) Sa 


* This appendix contains data from Porton Technical Paper 289 (1952). 
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ABSTRACT 


In order to study the filtration of aerosols under defined conditions of fow and 
| geometry of fibers, a new filter was built. This filter consisted of an array of grids set 
) perpendicularly within a metallic pipe. Each grid was composed of equally spaced 
similar metallic wires. 

| To achieve parabolic laminar flows, the Reynolds numbers were kept below the 
) critical value of 2000 and the whole array was preceded by a ‘‘calming device.’ The 
filtration of homogeneous, electrically neutral aerosols of dioctyl phthalate by this 
| filter has been studied at various velocities of flow, radii of particles, and inter-wire 
distances. 

It was found that the inertial mechanism of filtration was effective even at w 
| values lower than the critical y’s given in the theories. When comparing the col- 
; fection efficiencies of a wire in filters of varying inter-wire distances, a clear maximum 
/ could be discerned. 
| It is believed that this unexpected phenomenon is caused by the nonadherence of 
some of the impacting particles to the wires—a possibility which has been taken into 
)consideration only lately by Gillespie and Rideal: 


INTRODUCTION 


| The calculation of the collection efficiency of a single fiber within a filter 
constitutes one of the most important and difficult problems in the theory 
of filtration of aerosols. 

Much research has been devoted to the deposition of particles on the 
| simplest type of fibrous mat, the infinitely long cylindrical wire perpendicu- 
far to the initial direction of flow (1-4), but very little has been done on 
the problem of filtration by a whole assembly of fibers (4-6). 

) As the path of an aerosol through the tortuous pores of the commercial 
mat is extremely complicated, the theories had to be restricted to imaginary 


| 


1 This work has been carried out under the auspices of the Scientific Department, 


‘israeli Ministry of Defence. 
2 Extracted from a thesis submitted to rie Hebrew University, Jerusalem, in par- 
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New York. 
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models with a high degree of orderliness and to simple types of flow. These || 
theories neglect any effects arising from electrostatic forces, but differ in | 
the field of flow they assume within the filters and in the importance they |} 
attribute to the various mechanisms of deposition. Likewise, it has been | 
assumed that under the practical conditions of filtration all the aerosol || 
particles which impinge on the fibers adhere to them, though recently this |} 
has been questioned by several workers (7, 8). i 
The filters dealt with in the theories are composed of a multitude of |j 
parallel cylinders perpendicular to the initial direction of flow. The collec- 
tion efficiency (7) of a cylinder within such an assembly is obviously differ- 
ent from that of the single one because of the effect of the neighboring 
cylinders on the field of flow around it. | 
Langmuir assumes (5) that this effect can be expressed in the constant 
of Lamb’s equation for viscous flow around the single cylinder (9) and jj 
calculates the value of the latter from the pressure drop through the filter. 
Davies (4), using the equations of Kovasznay (10) for viscous flow behind |f 
an infinite grid of parallel wires, estimates the interference effect andj 
proposes the general equation for the collection efficiency of a cylindert 
within the filter: 


n = (0.16 + 10.92 — 17a2)[R + (0.50 + 0.80R)(y + D) yt 
— 0.1052R (¥ + DY 


where a is the packing density of the filter, y is the inertial parameter, R 
is the interception parameter, and D is the diffusion parameter. 

Chen (6) measured the relation between 7 and the packing density off} 
the filter and arrived at the simple equation: 


n = no (1 + Ka) (2) 


for 0.01 < a < 0.09, where 7» is the efficiency of a geometrically similail 
single cylinder and K is a constant. 


been unambiguous regarding the existence of ‘a most penetrating size oy 
particles” and the role of the inertial mechanism in filtration. As it wa 
likely that these divergences were due to the difference between the theoreti t 
cal imaginary filters and the real fiber mats, it appeared worth while t iH 
construct a geometrically defined filter model with which the vario i 
parameters of filtration could be investigated. This model had to be mad|i 
entirely from metal so that it could be earthed and freed from electrd 
static charges which usually play a role in commercial mats (18, 14). 


FILTER 


The filter, which has been briefly described before (15), consisted of 
long cylindrical pipe into which were put, in planes perpendicular to it 


¥ 
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axis, 76 grids of parallel metallic wires. The wires were wound by a special 
, technique (using the wormlike motion of a lathe) on metallic frames and 
'these were inserted between fixed frames in specially prepared grooves 
(Fig. 1 of ref. 15). In order to have a simple and well-defined type of flow 
through this filter, laminar viscous motion having the Poiseulle profile of 
velocities was chosen. This was achieved by using a pipe with a circular 
bore, keeping the Reynolds numbers of the flow well below the critical 
value of 2000, and inserting a ‘‘calming device” before the filter. The device 
sconsisted of a long narrow tube, a diverging cone of 6°, and a cylindrical 
\pipe of a length determined according to the equation of Schiller (16) for 
ithe unfavorable condition of Reynolds number equal to 660. 

Of the many problems study of which this filter permits, it seemed most 
jinteresting to inquire into the relation between the collection efficiency of 
b the fiber and one of the “proximity parameters” such as the inter-wire, or 
ithe inter-grid, distance. To simplify things, the distance between the grids 
jwas chosen so that the flow after each one of them would almost regain its 
/initial parabolic pattern halfway before the next grid. 

According to Kovasznay (10), the steady viscous flow behind an infinite 
jgrid of parallel wires is given by: 


1+ U =1 — e” cos 2ry [3] 
vand 
: Les els 
V=-—-2—e sin 2ry [4] 
20 


where (1 + U) and V are the local velocities in the x and y direction, respec- 
tively, expressed in units of the initial velocity Uo, x and y are expressed 


: Re 
jin units of the inter-wire distance (d;), and X is defined by \i2 = = + 


Be Ay? (Re = me) 


Vv 

) These equations, which are accurate only for the limiting case of an 
(nfinite grid with wires of negligible diameter, represent a good approxi- 
ynation for the immediate neighborhood of the geometric axis, where the 
low can be assumed to be quite homogeneous; i.e., a unidirectional flow 
)wvith constant velocity over the field. 

| In the present series of experiments, the inner diameter of the pipe was 
15.00 cm., the grids were made of Kanthal-D a (Swedish Nichrome type) 
‘vire of 0.0050 cm. diameter and spaced apart at an inter-grid distance of 
1).550 em., which is reasonable according to Eqs. [3-4] even under the most 
Janfavorable conditions of flow. 

|| The inter-wire distances were 0.0132, 0.0198, and 0.0270 cm. in three 
isets of grids (with a standard deviation of approximately 4%). The total 
jlength of the filter was 44.75 cm. In selecting this length, it was borne in 
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mind that though the use of a long filter enhances the accuracy of the 
measurements, the loss of particles by sedimentation and diffusion is also 
increased under these conditions. 

Assuming a homogeneous spatial distribution of particles in every cross} 
section of the filter, the penetration through the grids (defined as the ratio} 
between the effluent and influent concentration of the aerosol, n/no) may 
be expressed by: 


ny 
” = (1 — Az)"= (1 = rt) ; 
No d; 


where Ax is the fraction filtered by a single grid, d; is the diameter of 
wires, d; is the inter-wire distance, and m; is the number of grids. Equation 
[5] is derived in Appendix A. 

Calculating the collection efficiency of the fiber (7) from Eq. [1], it 
appeared that with 76 grids the penetration could be measured accurately 
Likewise, it was shown that in this case the errors introduced by the loss 
to the walls were negligible in comparison with the experimental accura 
achieved. 


APPARATUS 


The experiments were carried out by passing through the filter electri 
cally neutral submicron aerosols of various radii and at several velocities 
of flow, and measuring the pentration by a light-scattering method. I 
order to achieve this it was necessary to have particles of a very narroy 
size distribution and to keep their radii and concentration constant fo 
long periods of time. Moreover, the particles had to be stable with regaray 
to coagulation and evaporation during their passage through the filter. 

To fulfill the latter condition, aerosols of dioctyl phthalate, which con 
of liquid spherical droplets of very low vapor pressure (~10/7 mm. H 
at room temperature) were used. 

The apparatus constructed consists of a LaMer-Sinclair homogeneous 
aerosol generator (17), the model filter, and a “right-angle penetrometer. 

The generator described previously (15), produces usually aerosols of 
very narrow size distribution (¢/? ~ 0.1, where g is the standard deviatio 
and 7 is the mean radius of the particles). The mean radii of the aeroso 
used in the present experiments (measured in a conyection-free ultramicl 
scope cell with a standard error of the mean of 0.007n and by the “ow 
(18)) were 0.5-0.8 micron and their concentration could be varied, 
dilution, between 10 and 10° particles/em.’. 

The aerosol, after issuing from the electrostatic precipitator where th 
charged particles were removed, was mixed with air in a T-shaped tul | 
in which some protuberances generated a moderate turbulence, and pal! 
of it was sucked into a secondary line. By this last arrangement it has bed | 


| 
|| 
| 


a 
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AMPLIFIER POTENTIOMETER 


Fia. 1. Block diagram of the electronic parts of the penetrometer. 


ossible to lead into the filter aerosols of constant radius and concentration, 
out at various volume rates of flow. 
| The right-angle penetrometer has been described before (15). The main 
}ptical system was made so as to have two almost symmetrical arms con- 
‘isting of a 100-watt AH-4 mercury light source, doublets of plano-convex 
#enses, and first-surface coated mirrors. Likewise, a second photomultiplier 
fIP21), fed separately from the high-voltage D.C. power supply, was 
Included in the electronic parts of the instrument (Fig. 1). 
t In order to measure the light scattered only from the axial zone of the 
bipe, where the flow may be assumed to be homogeneous, the field of view 
of the photomultipliers was cut down to a small central region (of 1.48.10 ~ 
m.*) by appropriate stops that were introduced into the auxiliary optical 
hystem. Owing to this restriction, it was also assured that the size distribu- 
pion of the aerosols within the central region would not change by sedi- 
yaentation during the passage through the filter. Similarly it was shown 
that the effect of diffusion there, as estimated by Einstein’s equation: 


#2 = 2Dzs,y, could be practically neglected. 


PROCEDURE 


| As the places of measurement before and after the filter were not strictly 
lentical with regard to volume and the intensity of incident light, and as 
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Fia. 2. Penetration vs. average linear velocities. Diameter of wire—0.0050 cm.; 
inter-wire distance—0.0132 em.; inter-grid distance—0.550 cm. 


the two photomultipliers had different sensitivities, it was necessary t 
determine the ratio of their responses to a signal from the same aerosol 
Consequently, after obtaining a suitable aerosol, the grids were set asid 
so as to leave a free bore within the pipe, the aerosol was passed throu 
the latter at several velocities of flow, and the ratio of the signals receive 
by the photomultipliers was noted. This ratio constituted the correctio 
factor by which the readings of the penetration were multiplied afterward 
After replacing the grids, the radius of the generated particles w 
checked by the ultramicroscope and the “owl,” and adjusted by changin 
the temperature of the source of the nuclei. The aerosol was then passe 
into the filter at various rates of flow and the penetration was determine 
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Fie. 3. Penetration vs. average linear velocities. Diameter of wire—0.0050 cm. ; 
inter-wire distance—0.0198 cm.; inter-grid distance—0.550 cm. 


several times for each velocity by the ‘‘right-angle penetrometer.”’ At the 
end of each experiment, the radius of the particles was checked again. 


: 


EXPERIMENTAL RESULTS 


The parabolic profile of velocities at the end of the “calming pipe” was 
checked with the aid of a hot-wire anemometer to which a very fine probe 
was fitted. (The ratio between the cross sections of the probe and the bore 
was 0.0025.) 

This probe, immersed 9.4 cm. into the pipe, could be moved by a special 
earriage along a preferred diameter of the bore. 
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Fra. 4. Penetration vs. average linear velocities. Diameter of wire—0.0050 cm.; 
inter-wire distance—0.0270 em.; inter-grid distance—0.550 cm. 
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Fia. 5. Penetration vs. radius of aerosol. Diameter of wire—0.0050 cm.; 
inter-wire distance—0.0132 em.; inter-grid distance—0.550 cm. 


Since the velocity of flow was found to be a linear function of the square 
of the radial distance from the axis of the pipe, it was concluded that the 
parabolic profile was really achieved. 


In Figs. 2, 3, and 4 the measurements of penetration through the erids 
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Fig. 6. Penetration vs. radius of aerosol. Diameter of wire—0.0050 cm., 
inter-wire distance—0.0198 cm., inter-grid distance—0.550 cm. 
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Fig. 7. Penetration vs. radius of aerosol. Diameter of wire—0.0050 cm., 
inter-wire distance—0.0270 cm.; inter-grid distance—0.550 cm. 


of 0.0132, 0.0198 and 0.0270 cm. inter-wire distance are summarized as a 
function of the average linear velocity. From these measurements, the 
curves of Figs. 5, 6, and 7 are obtained by interpolation. 


DISCUSSION 


From Figs. 2-4 it can be inferred that, under the given experimental 
conditions, the diffusional mechanism of deposition is definitely not effec- 
tive, and also that interception probably does not play any appreciable 
part. The impingement of particles on fibers by Brownian motion would 
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increase monotonously with the diffusion parameter Dgu/U ods (where Dex 
is the diffusion coefficient of the particles), which is not so in the present 
experiments. Likewise, had interception been predominating, the depend- 
ence of the penetration on the velocity of flow, as expressed for this mech- 
anism by Langmuir’s equation (5): 


1 
~~ (2,002 — In Nz.) 


(where Nz. is the Reynolds number based on the diameter of the wire) 
would have been much less pronounced. It appears, therefore, that the 
main mechanism effective in these experiments is the inertial impaction. 

The importance of this mechanism in the filtration of aerosols has been 
discussed before (11, 12). According to some theories, no inertial impaction 
exists below a certain critical value of y (0.0625 according to Langmuir 
and 0.09 according to Albrecht), although recent experiments have shown 
these values to be too high. 

As the present filter model makes it possible to define the inertial para- 
meter y more exactly than could be done before, its values were calculated 
for the various aerosol radii and velocities of flow. The minimum values 
(0.019-0.022, in the various grids) were found to be significantly smaller 
than the critical values of Langmuir or Albrecht. 

When the collection efficiencies of a single wire (7) were calculated accord- 
ing to Kq. [5] for each case and plotted, for pairs of constant average linear 
velocity and 7, as a function of the inter-wire distance, an unexpected 
maximum of 7, which proved to be statistically significant according to 
‘Student’s Test’, was revealed (Fig. 8). 
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Fig. 8. Single wire collection efficiency vs. inter-wire distance. Diameter of 
wire—0.0050 em.; inter-grid distance—0.550 em. 
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Actually, as the radius of the aerosol and its average velocity are main- 
tained constant and the inter-wire distance decreases, the velocity with 
which the particles approach the fibers increases. Therefore, in view of the 
preponderance of the inertial mechanism, the collection efficiency 7 should 
also increase. To check this phenomenon, a fourth set of grids (of d; = 
0.0198 cm.) was made and studied. The same maximum was found with 
this set of grids. 

For the time being, the only available explanation for this maximum 
seems to be the hypothesis of Gillespie and Rideal (8) that not all the 
impinging particles adhere to the obstacle. 

It may be assumed that as the inter-wire distance decreases and the 
velocity of the approaching particles, at constant radius and rate of flow, 
increases, a point is reached at which the bouncing and the peeling off the 
wire overcompensate the process of impingement. Likewise, the shift of 
the maximum (see Fig. 8) at greater radii and velocities of flow to larger 
inter-wire distances may be qualitatively understood from this hypothesis. 

As the processes following the impaction of particles on solid obstacles 
are obscure and as data concerning the adhesional forces between aerosols 
and solid walls are lacking, no quantitative explanation is offered. 

A comparison of the collection efficiencies (7) calculated from the experi- 
ments with those predicted by Eq. [1] reveals a marked divergence (Fig. 9). 
However, it should be noted that such a comparison is somewhat mislead- 
ing, as the theory does not take into account at all the possibility 
of bouncing. 
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Fig. 9. A comparison between the experimental and the theoretical (aceording to 
Eq. [1]) curve of 7 vs. a. ———— experimental curve. —--——— theoretical curve. 
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Appendix 


After passing the first grid the concentration of the aerosol will ben = mo 
(1 — Az) and after m grids it will be m = mo (1 — fala) 


[filtering cross section of grid] _ 9-Li-d; 


ae [cross section of grid] ioe ates 


where LL, is the total length of the wires in a grid and R, is the radius of the 
cross section of the grid. 

The average length of the wires in a grid is rR,/2. The total number of 
wires in a grid is 2R,/d;. 


Thus 
An = n(rR,/2-2R,/d:) dy = 7 d; 
ah? d; 
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J. INTRODUCTION 


The accurate determination of particle diameters from light scattering 
requires the use of the Mie theory (1) if the refractive index of the spheres 
differs appreciably from that of the surrounding medium. This means 
that this theory should be used for a relative refractive index in excess 
of about 1.05. On applying the Mie theory, it is necessary to know the 
refractive index of the light-scattering spheres very accurately. It can be 
shown easily (2) that four and, if possible, five significant figures should 
be obtained. In the absence of reassuring evidence to the contrary, it is 
therefore somewhat risky to assign to the dispersed polymer spheres— 
which contain adsorbed stabilizer—-the refractive index of the correspond- 
ing bulk material. The refractive index of the suspended particles should 
therefore be calculated from the refractive index of the entire system by 
using a suitable mixture rule. To that effect it is necessary to know the 
volume concentration of the particles with an accuracy equivalent to that 
desired for the refractive index. The volume concentration must, in addi- 
tion, be known for the evaluation of scattering data from the Mie theory. 
This concentration, therefore, enters twice in the calculation of particle 
sizes from light scattering (3). Sufficiently accurate determination of the 
volume concentration requires that the density of the colloidal particles 
be known to four or, if possible, five significant figures. In view of this 
requirement, it is, here again, a priori risky to assume for the dispersed 
particles the same density as that obtained rather easily from macroscopic 
specimens. Apart from conceivable intrinsic differences in density, surface- 
adsorbed stabilizers may differ appreciably in density from the ultramicro- 
scopic material itself. 

Density measurements were, therefore, carried out on monodisperse 
polystyrene and polyvinyltoluene latices (4) of systematically varied 
particle size in connection with simultaneous light-scattering and refrac- 


1 This work was supported by the U. 8. Office of Naval Research. 
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tive index experiments.” Systematic density measurements on these systems 
were also of interest in themselves in order to answer the question as to 
whether or not the density of colloidal polymer particles may change 
measurably with particle size. 


Il. THEORETICAL CONSIDERATIONS 


The latices investigated contained, besides water and dispersed polymer 
spheres, a small amount of truly dissolved stabilizer whose concentration 
was, a priori, unknown. The systems were, therefore, three-component 
systems to which an equation previously given (5) could not be applied. 
The basic equation to be considered is: 


o23 = 1/pws = Cidi + Cope + Cabs [1] 


where ¢), @, and c3; are the weight fraction of water, latex particles, and 
stabilizer, respectively; ¢1, ¢2, and $3 are the respective specific volumes, 
and ¢y3 and the density p23; apply to the total system. 

Equation [1] presupposes volume additivity. It was, a priori, certain 
that this would apply to the polymer particles (6). It was also proved for 
the dissolved stabilizer by special experiments with latex serum.’ Since 
Cy + Co + C3 = ile 


(1 — &) de (dl — ¢1) K¢3 


gus = Cidi + maa ar ST ee [lal 
where K = ¢;/c.. Rearranging, one obtains 
bo oes 1/p2 = qd a K) (dx San C11) = o3K. [2] 


1—-«¢q 


This is the equation to be used in the following work. Of the quantities 
given, both K and c, are determined gravimetrically. Both the values of 
dws and $3 are obtained by a differential pycnometric technique. The 
former is obtained by a measurement of the density difference, Ap, of the 
latex relative to that of pure water, i.e., 


Ap = pps — py = — — — [3] 


The value of ¢; is obtained by a measurement of pis Of the latex serum (the 


2 These latices were generous i 
; y supplied by Dr. J. W. Vanderhoff 
Chemical Co. of Midland, Michigan. a a 
i ete if this had not been the case, the use of Eq. [1] would still have been per- 
missible since the contribution of the solute to the overall density, pi3, is small 


eset to make the effect of a deviation from additivity negligible for the value 
2. 
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TOP VIEW 
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Fie. 1. Pycnometers and holder in the differential technique used. 


latex freed from all polymer particles by centrifuging)! relative to p, of 
water and subsequent substitution of the ¢,3; obtained into 
/ 
_ Cc — 
ith pis eats a ia (4] 
C3 C3 
The primed quantities in Eq. [4] are numerically different from the corre- 
sponding unprimed quantities pertinent to the latex. 


Ill. Tur DiFrFeRENTIAL PycnomMetTRic Metuop 


Since the density of polystyrene was, a priori, known not to differ by 
much more than 0.05 from that of water, it was clear that—on choosing 
pycnometry—a differential technique had to be used in order to obtain 
four or five significant figures for p:.° The device used for the differential 
measurements is illustrated in Fig. 1. 


4 In some instances the latex had to be frozen in order to effect efficient settling 
out during the centrifugation following thawing. 

6 This can be proved easily: Assuming the use of a single pycnometer of 20 ml. 
capacity, a latex concentration between 25 and 50%, and a knowledge of the latex 
weight to seven figures, it can be shown that p2 will be obtained to five significant 
figures provided p12 (the density of a simple, two-component latex) is known to six 
significant figures. It is therefore necessary that all the errors of measurement in- 
herent in the determination of the latter quantity be relegated to the sixth decimal 
in order to prevent their affecting, by cumulative effect, the number of significant 
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The glass-stoppered pycnometers, A and B, had a volume of 19.2174s and 19.6053. 
(cm.%) respectively at 24.84° C., excluding the volume above the calibration marks m 
shown. The weight of a pycnometer filled with water or latex, was approximately 
42 g. and the pycnometer weight alone was about 1g of this. Each of the two pyc- 
nometer volumes had been determined by calibration with pure water (7). Each pyc- 
nometer was filled at about 25° C. until the meniscus was about midway in the capil- 
lary, one with pure water and the other with the latex (or with latex serum). The 
two pycnometers were then placed into a brass block C and immersed with it into a 
thermostated bath held at 24.840° C. + 0.003° C. The temperature and its constancy 
were frequently checked witha Beckmann thermometer installed immediately adjacent 
to the brass block. The actual fluctuationsn and differences in the pycnometers were 
less than 0.001° C. owing to the high heat capacity of the metal block and the high 
heat conductance within it. After thermal equilibrium was reached in the pycnome- 
ters (constant height of the meniscus requiring about one-half hour of waiting), the 
height of the two menisci relative to the respective calibration marks was measured 
by sharply focusing a traveling microscope simultaneously on the two capillaries 
using to that effect a sufficiently long optical path. From these data, the volume of the 
liquid contained in either pycnometer was calculated by means of calibration curves.® 
The weights of the pycnometers, both empty and full, were obtained with a semi- 
micro balance observing the necessary precautions and applying the conventional 
buoyancy corrections’? dependent on temperature, humidity, and barometric pressure. 


The primary calculations for latex or serum relative to water were made 
with Eq. [5]. 


— (Was — Wi) — (Pr — Ps) — (Vis ~ Vi) + Daie(Vies = Vi) pg) 
Vis 


where W is the weight of the respective full pyenometer, P is the weight of 

the respective empty pycnometer, V is the volume of the respective sample 

in the thermostat, V’ is its volume at the balance temperature,’ and Daj; 

is the density of air. The value of Ap thus obtained was substituted into 

Kq. [3], in the case of latex, or into a corresponding equation for the 

ae From the data $3 was calculated, by using Eq. [4], and then ¢ using 
q. [2]. 


figures desired. The errors in buoyancy corrections would have to be held below 0.1%, 
if the value of p12 is to be uncertain only in the sixth decimal. Such precise buoyancy 
corrections are most difficult with a simple pyenometer. Temperature differences of 
0.01° also would reduce the number of significant figures below that required. Use of 
the differential technique eliminates most of the critical buoyancy corrections, and 
it is also not as exacting regarding temperature control as is simple pyenometry. 

ts Each of these capillaries had been calibrated in the conventional manner by 
shifting a small, exactly known volume of mercury, stepwise, along its length and 
by measuring each time the length of the mercury column using a traveling micro- 
scope. The respective diameters varied by not more than 0.0014 em., over their entire 
length of 8 cm., the average diameters being 0.1264 and 0.1314 cm., respectively. 

’ These corrections apply in the differential technique only to volume differences 
(see Eq. [5]). All of these excepting the pyenometer contents were found to cancel 
out with our pycnometers. 

8 Owing to the small contribution of DaQie — V1’) and the fact that the constant 


bath temperature differed only slightly from room temperature, it was possible to 
assume that Viexs — Vi! = Vies — Vi. 


Ap 
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TABLE I 
Reproducibility of p2-Values 
Diameter (mp) Sample No. p2 
280 1 1.0588 
2 1.0585 
300 1 1.0550 
2 1.0546 


It is of some interest to define the number of significant figures which can in princi- 
ple be obtained with the differential technique as used here. The weights needed in 
Kq. [5] were determined with a semi-micro balance to five decimals. The buoyancy 
correction for the volume differences was of the order of 0.0005, affecting the fifth 
figure of Ap in Eq. [5]. The measurement of the displacement in the capillary was 
reproducible to within 10 microns resulting in an error in volume measurement not 
in excess of 10-° cc.* The effect of temperature differences in the two pycnometers 
was, by comparison, entirely negligible with the technique used. Each of the quanti- 
ties entering into Eq. [5] was therefore known to at least the fifth decimal. The 
number of significant figures obtained for Ap depends on both the concentration of the 
latex and the volume of the sample. The concentrations (20 to 40 weight %) were 
large enough to give to the numerator a value in excess of 0.1. Since the volume of 
the pycnometers, as stated, was two orders of magnitude larger, the Ap-values ob- 
tained were precise to the seventh decimal. Since p: is known to six decimals, the 
data obtained subsequently with Eq. [3] are still precise to the seventh decimal and 
accurate in the sixth decimal. The precision and accuracy of ¢2 which one finally ob- 
tains from Eq. [2] depends decisively on the precision and accuracy of c:. Neglecting 
for the purpose of this discussion the contribution of c3, it follows from Eq. [2a] 


C2 p1pi123 
Ptee aa ce [2a] 


pi — Cipi23 
that an accuracy to within six decimals can be obtained for pz, if c. is known to seven 
figures. The only practical requirement therefore is that a sufficient amount of latex 
(between 15 and 30 g. of concentrated latex) is evaporated and the dry weight is 
determined on a semi-micro balance. This illustrates the very high precision and 
accuracy with which pz can be obtained in a two-component system. Neither could 
have been obtained in the present case since not enough latex was available to get 
for c. more than six figures on using a semi-micro balance. The accuracy of pz 
would then have been limited to five decimals, if the latex system could have been 
treated as a two-component system. The fact that it was a three-component system, 
with cz < 0.01 cz, and the resulting uncertainty in the value of p3(ps and cs were on 
the average 3.1 and 0.0025, respectively) made it questionable whether the fifth 
decimal of p2 would be truly meaningful, even on reducing a comparatively large 
volume of latex or serum to dryness without risking minute losses sufficient to affect 
the sixth figure of either cz or cs’. The two complications stated made it pointless 
to use a semi-micro balance for determining c2. The data reported below were there- 
fore obtained using an analytical balance with a sensitivity slightly better than 0.1 
mg. The value of K (Eq. [1a])", however, was determined with a semi-micro balance 


9 The absolute volume of the pyenometers was known only to the fourth decimal. 
This affects the seventh decimal in Ap. 

10 The determination of K was accomplished by centrifuging the polymer out of a 
latex sample and pipetting off the supernatant liquid. After adding double distilled 
water to the residue, shaking and centrifuging again, the supernatant liquid was 
removed and combined with the first sample. Another portion of distilled water was 
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in order to obtain the minimum of three significant figures necessary to expect five 
significant for p2.1! The data of ps, should therefore, theoretically, be reproducible to 
the fourth decimal. The actual reproducibility of p2 given in Table I, for two samples, 
is defined by an uncertainty of +0.0002. 


TV. RESULTS AND DISCUSSION 


Tables Ila and Ib give the data obtained with polystyrene and poly- 
vinyltoluene latices, respectively. The last column contains the density of 
the polymer spheres, p2. Except for one bracketted doubtful case” these 
data are identical within three figures, meaning that changes in density 
are less than 1%, within the particle size range defined. The fourth figure 
of the data, however, varies. These variations are in excess of the experi- 
mental uncertainty (Table I) and are systematic for polystyrene spheres 
<0.5 micron. Their density seems to increase with decreasing particle 
size. In view of the high density of the water-soluble component (or com- 
ponents), given in column five, it is inviting to assume that this change in 
p2 is due to the adsorption of stabilizer which of course would affect the 
value of p, more, the smaller the particle size.’ The average value for the 
density of polystyrene, 1.0569 + 0.0019, would have to be revised slightly 
downward to 1.0559 or even slightly lower if the results obtained with 
the smallest particles were, in fact, affected by surface adsorption. The 
absence of a systematic variation of p2 with the particle diameter in the 
case of polyvinyltoluene does not conflict with the findings for polystyrene, 
since the proportion of meta to para vinyltoluene used in the polymeriza- 
tion is not certain to have been the same throughout. Since the density of 
the pure meta polyvinyltoluene differs by nearly 1% from that of pure 
para vinyltoluene (4), possible variations on this account are apt to be in ex- 
cess of those connected with the change in size. 

It is of interest to compare the average polystyrene value with the data 
obtained by other authors (Table ITI). All data agree to three figures. 
However, the fourth figure shows wide variations. The most precise alter- 
nate data appear to be those obtained by Schachman and Cheng (8), which 


added and the process repeated. The centrifuged residue and the serum were dried 
under a partial vacuum at 80° and weighed, using the semi-micro balance. The ratio 
of these two weights is K. 

“ As a matter of fact, the refractive index of the particles could be determined 
only to +2 X 10°* so that more than five figures would be of little use in the present 
investigation. 

‘ The data for one polyvinyltoluene sample (diameter: 935 mu) are questionable. 
This latex was partially coagulated before the beginning of the experiment so that 
c, after filtration was too small to guarantee precise po data. In addition and in conse- 
quence of this filtering, this sample contained a relatively large amount of the water- 
soluble materials (cs) further reducing the reliability of po. 

8 Since a variation in density with molecular weight for polystyrene is limited 
to molecular weights of 30,000 or less—far exceeded in our case—this alternate 
variable can be excluded. Another possibility, however, may be a minute porosity of 
the polymer spheres if this should increase with particle size. 


/ 
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TABLE II 


Densities of Polystyrene and Polyvinyltoluene Latices (p123), Poiymer Particles (p2), 
and Stabilizers (ps), at Various Polymer Particle Sizes 


Particle 
GeatE oldaT ee : "1 Br: saya 
a. Polystyrene 
240 0.59535 0.007842 1.02318 2.62 1.0593 
280 0.55769 0.005121 1.02480 3.07 1.0587 
300 0.61442 0.005339 1.02016 4.74 1.0546 
540 0.67425 0.006960 1.01685 2.78 1.0559 
950 0.75856 0.00683 1.01143 2.24 1.0556 
Avg. 1.0569 + .0019 
b. Polyvinyltoluene 
47 0.74054 0.009894 1.00989 4.91 1.0243 
381 0.54691 0.008348 1.01323 3.28 1.0276 
590 0.68535 0.00555 1.00692 2.569 1.0255 
(935 0.96598 0.1984 1.00108 2.052 1.0386) 
Avg. 1.0258 + .0012 
TABLE III 
Comparison of Density Data on Polystyrene Particles 
p2 Source Year 
1.052 Williams and Backus (dried sample) 1949 
1.050 Kennedy and Morton (dried sample) 1952 
1.055 + .001 Kahler and Lloyd (latex and ultracentrifuge) 1951 
1.054 Sharp and Beard (latex and ultracentrifuge) 1950 


1.0520 + .0002 Schachman and Cheng (latex and ultracentrifuge) 1955 
1.057 + .002 This paper (latex and differential pycnometer) 


appeared in print after the present work had been completed. They differ 
from our average value by 0.5%. This difference is not surprising, since 
the latter, ultracentrifugal data were most likely obtained on samples by 
several orders of magnitude more dilute than ours (the concentration was 
not indicated by those authors). This, in conjunction with the mixing of 
the dilute latex with heavy water, is bound to have reduced the surface 
adsorption of the very dense stabilizer very considerably. Consequently 
the p-values of Schachman and Cheng are necessarily smaller than ours 
and cannot be considered as representative of the density of polystyrene 
in the original latex. A comparatively minor additional reason for the 
difference in the data may be the uncertainty in the temperature of the 
samples in the centrifuge." 

The only literature data available for polyvinyltoluene are bulk values 
for the pure para and pure meta polymer, 1.022 and 1.030, respectively (4). 
These values were determined on dried samples of the polymer. It is our 


14 The respective publication does not indicate whether and by how much the ex- 
perimental temperature in the ultracentrifuge differed from the 25° C.. used for the 


calculations. 
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understanding that the samples investigated consisted of about 65% meta 
and 35% para polyvinyltoluene. From this ratio one would expect a p2 of 
1.027. This value agrees satisfactorily with the average p:-value given in 
Table II. 

The average values for the two polymers, as given in Table II, were 
used for calculating the refractive index of the polymer particles from 
interferometric measurements and a suitable mixture rule (see subsequent 
paper). This index was needed for the evaluation of particle size from light 
scattering (3). Since, as described in a subsequent paper, the refractive index 
data had to be determined on comparatively very dilute dispersions (less 
surface adsorption of stabilizer), all of the indices derived by means of the 
density values given here are bound to contain a very small systematic 
error which, however, is smaller than the overall nonsystematic error 
inherent in those refractive index data (2). Entirely negligible, at least for 
these strongly scattering systems, is the additional effect of this system- 
atic error upon the volume concentrations needed for the evaluation of 
specific light-scattering quantities. 


SUMMARY 


The accurate determination of particle diameters from light scattering 
by means of functions derived from the Mie theory requires that the density 
of the particles be known very accurately since it enters the evaluation of 
both refractometric and scattering data. For this reason the densities of a 
series of monodisperse polystyrene and polyvinyltoluene latices were deter- 
mined by using differential pycnometry introducing a few new features 
into this technique. It is shown that the technique, as used, should be 
capable of giving, with suitable systems, seven significant figures for the 
particle density. Such a high accuracy could not be aimed for in the three- 
component system used nor was it needed, the actual uncertainty occurring 
in the fifth figure. The data, apart from satisfying the purpose stated, 
showed that the density varies only a little with the particle diameter 
within the colloidal range. 
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ABSTRACT 


The conductance of a solution of potassium polyphosphate becomes anisotropic if 
an alternating electric field is applied. An increase of conductivity is found parallel to 
the direction of the field and a decrease perpendicular to it. Relaxation effects occur 
after applying and removing the field. This phenomenon can be explained in the 
following way: The polyion has the shape of a rod or a long rotational ellipsoid and 
is surrounded by a relatively dense ionic atmosphere. A part of this atmosphere is 
associated with the polyion owing to the strong Coulombic attraction. After applying 
an electric field this part of the ionic atmosphere is shifted with respect to the polyion, 
thereby inducing a dipole moment without leading to dissociation. The field tends to 
direct the axis of the polarized particle parallel to the field. Taking into account 
an anisotropy of mobility of the polyions this orientation will cause an anisotropy 
of conductance. A theory of this effect results in equations which are in agreement 
with the experiments described in this article. 


I. INTRODUCTION 


Many polyvalent ions, e.g., high polymer chains with ionizable mon- 
omers, have in solution approximately the shape of rods or long rota- 
tional ellipsoids. The chains are not statistically coiled like uncharged fibers 
but exceedingly stretched out because of the electrical charges regularly 
distributed over them (1). The polyion is surrounded by a dense atmosphere 
of counter ions which are primarily held in the immediate neighborhood of 
the surface of the polyion by Coulombic forces due to its large electrical 
charge (2). The inner part of this ‘‘atmosphere” moving with the polyion 
and partially shielding its charge may be described by the formal intro- 
duction of a degree of dissociation a, where (1 — a)c and ac give the 
concentrations of the bound and freely movable counter ions, respectively 
(c = total counter ion concentration). This is a rather rough manner of 
description, but it is adequate for our purposes here; a more detailed 
treatment of the ionic atmosphere would result only in some improvement 
in quantitative respects. The inner counter ions are still rather mobile on 
the surface of the polyion, because within this layer they do not have to 
overcome the large electrical attraction of the polyion. This mobility 
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along the long axis of the particle may be made detectable by using an 
electric field to induce a dipole. Measurements of the dissociation field 
effect and its relaxation support the assumption of easy shifting of the 
inner ionic atmosphere and show that such movement can take place 
within a very short time, apparently less than 10~° sec. (3, 4). Therefore 
one should expect that alternating fields with frequencies up to at least 10 
ke./sec. should still give complete polarization. 

Simultaneously with the induction of a dipole the electric field produces 
an angular momentum at the dipole tending to direct it parallel to the field. 
This orientation causes an experimentally detectable effect, demonstrating 
the polarizability of the polyion: viz., an anisotropy of conductance of 
polyions in the electric field. 

Some decades ago D. Edwards (5) and R. Gans (6) were able to show by 
hydrodynamic methods that the translatoric mobility of rotational ellips- 
oids in a viscous fluid should depend on the direction of the acting force. 
The mobility parallel to the axis of rotation w); is according to these authors 
different from the mobility perpendicular to it (wi), approaching 2w. for 
very long ellipsoids. In general, due to this anisotropy of mobility the veloc- 
ity vector v does not have the sume direction as the vector of acting force f. 
Thus v is equal to W’f, where W is a tensor depending on wy), wi, and the 
direction of the axis of the particle. These results may be applied to all 
polyions which fulfill the conditions stated above and which therefore 
should show an anisotropy of electrical conductance. In the extreme case 
of complete orientation we have two limiting conductivity values, one 
corresponding to w), and one to ws. 

An anisotropy of electrical conductance in solutions of polyelectrolytes 
has already been found by several authors (7-9) using flow gradients. 
Heckmann (7) and Schindewolf (8) were able to explain this effect with 
the arguments described above. The polarization and orientation in al- 
ternating electric fields have been observed recently by the authors (4). 
A detailed theory of these effects will be presented elsewhere (10). In the 
present paper we shall concern ourselves with the experimental results in 
the light of this theory. 


Il. TuHeoreticat Basis 


As far as it is possible to treat a polyion as a rotational ellipsoid with 
freely movable charges on the surface the polarizability in the direction of 
the long axis may be written according to Maxwell (11) as 


= std ula oe . 3 
Sy wee. In(2p) HW 


where | = length of the particle, p = ratio of length to diameter, e, = dielectric 
constant of the solvent. 
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The dependence of aj, on the third power of 1 is also given by all other 
rodlike models. Because of this dependence on J, very long polyions result 
in extremely large values for a; (in this case the polarizability perpendicu- 
lar to the axis of the particle can be neglected). The above Eq. [1] is only a 
rather rough approximation corresponding to a maximal value of aj|; the 
experiments with polyions should give considerably smaller values, since 
the assumption of freely movable charges (like electrons in metals) is not 
completely met. In addition a considerable error is introduced by the 
uncertainty in the particle length due to incomplete stretching (a), ~ [). 
The electric field acting upon the dipole introduces an angular momentum 
which is proportional to the square of the field density and therefore inde- 
pendent of its sign.! Thus in an alternating field the angular momentum 
always acts in the same direction, tending to orient the ions into the 
direction of the field (as long as the half period of the field allows a sufficient 
polarization of the particle). If the field density is not too large, complete 
orientation is prevented by the thermal movements of the molecules (rota- 
tional diffusion). In any case, after applying the field the directional 
distribution of the polyion axes is no longer regular, leading to anisotropy 
of conductance. 
The orientation distribution of the axes of the particles is given by a distribution 
function y. From this function the conductivity is obtained by integration, taking 
into account the anisotropy of mobility. y must satisfy the equation of continuity 
y + div j = 0 Gj denotes the flux of axes caused by the electric field plus the flux 
of rotational diffusion). 


The theory gives for the relative change in conductivity: 
x(0, t) — Ko 
Ko 


6 = angle between field and direction of measuring, «(@, ¢) = specific conductivity 
corresponding to 6 at the time tx), (¢) = specific conductivity parallel to the field and 


= 3(3 cos’ 0 — 1) - as * 
0 


Ko = ac(Ac + aAo) [3] 
specific conductivity in absence of electric field, independent of direction. Here 
a = degree of dissociation, c = equivalent concentration of the monomer, A- and 
Ay = equivalent conductivities of counter ion and polyion corresponding to com- 
plete dissociation. 


An increase in conductivity always appears in the direction of the field 


peas > 0) Perpendicular to it the following equation holds (see 


Ko 


Eq. [2]): 
xa(t) — Ko _ _1 Ky (t) — ko [2a] 


Ko 2 Ko 


1 Dipole moment p = @|| (rE)r; angular momentum M = p X E= aj (rE) (rc X E); 


| rx = directional vector of the axis. 


| 
| 
| 
| 
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This means that this relative change is negative, equal to one-halt of the 
increase of conductivity parallel to the field. In the stationary state, 


where lim x}, (¢) = x), we have 


t>o 
Cec aeey ee (4] 
Ko Ko 
with 
1 
2 yx? 
Te ax 
la, aeetes ! 5 6 
ysl, #0) = 51-3 -3 5,6 
I Cae 
0 
and 
TL ea paeacner,” WAPYC eal | Mie [7] 
E>o KO Ko 3 atlases We ; 


E = effective amount of the electric field density, w. = mobility of the counter ion, 
vy = total valency of the polyion. 


For the time dependence of the conductivity change after applying higher 
field densities one obtains 


xf AyD a (sI 
Ko <a Ko 
with 
—— Cm 2 De 65 — ll 


and D, = rotational diffusion coefficient of the polyion. For x < 2 the 
function [8a] can be approximated well by 


f(x) = [8b] 


: 
5 
The relaxation time of the orientation process at higher field densities 
(with the definition f(4yD,72) = 1 — e~) is 


kT 


ee 


tr = 168 X SO [8c] 


This means that the time necessary to obtain the stationary state is in- 
versely proportional to the square of the electric field density. At small 
field densities the rotational diffusion determines the time of relaxation. 
The dependence of conductivity on ¢ 


k(t) — Ko —6D,t\ Ki) — K 1 
3 1 —e r \I 0 MI = 
cs ( ) are with + 6D, 19, 9a] 
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is then purely exponential and independent of E. After switching off the 
field (att = 0), the rotational diffusion always leads to reestablishment, of 
the original conductivity. Here the following equation is valid: 


k)\(t) me KOE ge bP rt x (0) manKG 
U4) Ko 


(10) 
where for the time of relaxation: 


1 ileal a 


(10a) 


Ill. Experimenta Meruops 


In order to test these theoretical results a number of experiments were 
performed with an appropiate polyelectrolyte. Dilute aqueous solutions of a 
potassium polyphosphate (KPO3;), were chosen as suitable for this purpose. 
This compound had already been used and described by U. Schindewolf 
(8, 12). In our case the number of monomer units x was about 104, so 
that the length of the stretched polyion was approximately | % 4-10 
em. In highly dilute solutions just the normal CO, content of the water 
used as solvent is already sufficient to cause a detectable hydrolysis of the 
phosphate and thereby a decomposition of the chain. Therefore CO.-free 
water was used. The conductance was determined with a normal Wheat- 
stone bridge using a vacuum tube voltmeter as bridge instrument, and a 
1000-cycle frequency generator as voltage source. As the final voltage was 
about 3 volts, the corresponding field density was always too small to cause 
any measurable orientation. Immediately after switching off the orienting 
field the time change of conductance was measured by the deflection of the 
bridge instrument. The latter was calibrated before and after each measure- 
ment against an adjustable standard resistance (ohmic resistance coupled 
in parallel with a capacity). The conductance at the moment of switching 
off the orienting field was determined by extrapolation. At the time the 
experiments were carried out the special circuit did not permit a con- 
ductance measurement in the presence of the orienting field. In order to 
prevent electrode polarization an alternating field of 50 cycles (and some- 
times also 1000) was used as orienting field. During the application of the 
‘ orienting field disturbances due to Joule heat effects appeared, which 
could be eliminated in the following manner. The temperature coefficient 
of conductivity of the polyphosphate (2.27 %/°C.) was not very different 
from those of simple electrolytes (LiCl: 2.26%/°C.; NaCl: 2.21%/°C.). 
Each measurement was therefore repeated with LiCl (or NaCl) solutions 
of the same conductivity under the same conditions. Thus the two solutions 
(i.e., polyphosphate and LiCl) behave identically except for the orienta- 
tion effect, avoiding all disturbing effects. Greater difficulties appeared 
when the measurement was tried perpendicularly to the orienting field, 
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Fra. 1. Screened electrodes for measuring perpendicular to the orienting field 
The resistance between the two measuring electrodes is determined almost com- 
pletely by the conductance through the solution between the small holes. 


since normal measuring electrodes distort the orienting field so strongly 
that well-defined relationships are no longer given. In order to avoid this 
distortion a special set-up was constructed. The electrodes were screened 
by Plexiglas tubes as shown in Fig. 1. 

All measurements were conducted at field densities between 100 and 
1100 volts/em. (alternating fields). In addition experiments were also per- 
formed at very high field densities. For this purpose an apparatus for 
production of high tension impulses was used, which recently has been 
described (13). The above-mentioned experiments were carried out with 
impulses of field densities up to 100 kv./em.; also the dissociation field 


effect of the (IXPOs;), solution and its relaxation were measured (for pro- 
cedure, see (13)). 


IV. EXPERIMENTAL RESULTS AND Discussion 
1. Conductance Parallel io Field in Stationary State 


All measurements of the conductivity parallel to the orienting field 
were carried out with two preparations of (KPOs;), solution, designated 
below as I and IT. The concentration was in each case about 10 equivalent 
KPO; per liter. Figure 2 shows the experimental results for the change 
of conductivity parallel to the orienting field as a function of electric field 


density. The curve corresponds to values calculated from Hq. [4] using 
the parameters 


oy) = 12X10 * cm yg | ee eee 


) for solution I. 
Ko 
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a, = 18 X 10% em’, 8% for solution IT. 
Ko 
The agreement between theory and experiment is very good. The above 


parameters do not agree exactly with one another. The discrepancy in 
K — 


4 aks may be due primarily to experimental errors. On the other hand, 
0 


the different values for the polarizability aj, are in all probability to be 
traced back to differences in production and storage of the solutions; 
, even slight hydrolysis causes noticeable changes in a); because of its de- 
pendence on /3. 


ee Ka KG 
Values for 


and a); can be estimated with 1 = 4 & 10-* em., v = 


Ko 
104 (see III), and p = 10! (it is not necessary to have an exact value for p, 
since it will appear only logarithmically). It is assumed that the polyion 
may be treated as a rotational ellipsoid. Using the equations derived by 
R. Gans (6) one obtains w),; = 3.78 X 105 cm. sec./dyne, ws = 2.10 X 
10° cm. sec.-!/dyne, and wy = 2.66 X 10° em. sec.~!/dyne. The mobility 
of the potassium ion amounts to w. = 4.45 X 108 cm. sec.~!/dyne. The 
equivalent conductivities Ao and A, in Kq. [3] are then Ap = 0.412 ohm 
em. equiv. liter, A. = 0.065 ohm~ cm. equiv.“ liter. With the meas- 
ured value of ko = 2.85 X 10-* ohm“ cm." the degree of dissociation a 
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Fiq. 2. Relative change of conductivity in stationary state parallel to the orienting 
field: theoretical curve (full line) and experimental values for solution I (@) and 


solution II (O). 
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may be estimated from Eq. [3] to a = 19.5%. Malmgren (14) found by 

analytical measurements degrees of dissociation between 15%. and 20%, 

Schindewolf (12) by potentiometric measurements approximately 25 %. 
Using the above values of wj), etc., one obtains according to Eq. (7] 


ei NG I 
Ko 
as compared to the experimental value of about 18%. This result is satis- 
factory if one takes into consideration the fact that the calculation was 
intended to be only an approximation. 
A maximal value of a); (for a rotational ellipsoid with the dimensions of 
the polyion) may be computed with Eq. [1] to 


a= Die xX 1O-! em.?. 


As is to be expected, the result lies far above the measured polarizability. 
One of the reasons for this could be that the experimental value of aj; 
corresponds to a particle length of 0.85 * 10~* cm. instead of the value 
4 X 10+* cm. calculated with the assumption of complete stretching. The 
discrepancy between the estimated value of a); and the experimental value 
could therefore be traced back to an incomplete stretching and a slight 
hydrolysis. 


2. Relaxation Effects 


Figure 3 shows the experimental values for as a function of 


K|| (t) Tae B45)" 
Ko 


0 50 100 sec 


3. Relative change of conductivity after removing the orienting field 
(solution IT). 


Fie. 
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time immediately after removing the orienting field (solution II). The 
curve corresponds to the exponential function (see Eq. [10]) 


t 
oe (- 22 a ; 


From the time of relaxation 


i 
™~= sD. 22 sec. 


one can calculate the rotational diffusion coefficient 
1D). SMa << Oreos 


' (This procedure is a simple method of determining the rotational diffusion 
coefficient of polyelectrolytes.) The rotational] diffusion coefficient D,° for a 
noncharged rotational ellipsoid in highly dilute solutions is given by R. 
_ Gans (6): 


| o  3kT 
| r = =—> ‘(2 In(2p) -1 
| D Sunol (2 In(2p) —1) 
(no = viscosity of the solvent). For a particle of the dimensions given 


above one obtains D,° = 5.8 X 107' sec.-!. The measured value of D, is 
considerably smaller than D,°. According to a theory of Joly (15) this is 
to be expected at the concentration used because of the strong (mainly 
Coulombic) interactions between the highly charged polyions. 


a, (t)— Ho 


125 [volts/em] 
732 


0 10 20 30 40 50 sec 


Fra. 4. Relative change of conductivity after applying the orienting field: theo- 
retical curves (full lines) and experimental results for a number of field densities 


(solution IT). 
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Fig. 5. Time of relaxation after applying the orienting field: limiting straight 
lines and experimental values. 


The dependence of the conductivity on time after applying the field 
has been measured for a number of field densities. The experimental values 
are shown in Fig. 4 (solution II). For the higher field densities the curves 
were calculated according to Eq. [8] (derived for larger values of y) using 
the above values of a;; and D,. At the lowest field density (225 volts/cm.) 
the exponential function (1 — ¢ 8) “| — "° was used, since at smaller 

Ko 
field densities Eq. [9] should be applied. According to the theory the time 
of relaxation Tz is equal to 6D. = 22 sec. in the limiting case of small field 
densities and 4.5 X 10° H~ sec. (where H is in volts/em.) in that of higher 
field densities. In the log-log diagram of Fig. 5 the theoretical functions 
have been drawn as limiting straight lines; the times of relaxation com- 
puted from the experimental values agree well with the theory within 
the limits of experimental error. It is possible to calculate the polariza- 


bility from the time of relaxation only (Eq. [8c] ) yielding the same result 
as in paragraph 1 (Fig. 2). 


3. Conductance Perpendicular to Field 


In these experiments a concentration of 3.5 X 10-* N was chosen in 
order to obtain resistances smaller than 10° ohms. The total change of 
conductivity (including Joule heat effect) after removing the field was 
plotted against time. Figure 6 shows one of these curves. Measurements 
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Fig. 6. Full line: total relative change of conductivity (orientation and heat effect) 
measured perpendicular to the orienting field (after removing the field) ; dashed line: 
heat effect only (extrapolated). 


with LiCl solutions resulted normally in slowly decreasing curves, as is to be 
expected by a slow dissipation of the Joule heat (approximately a straight 
line in logarithmic coordinates). In Fig. 6 the corresponding curve is 
represented by a dashed line. The peculiar shape of the experimental curve 
for polyphosphate is explainable only by a decrease in conductance which 
superimposes the Joule heat effect but decays considerably faster. This 
decrease may be evaluated from the difference between the measured 
curve and the extrapolated curve for pure cooling. The experimental 
results for two different orienting voltages and durations of application are 
given in Table I. 

The relaxation time is as before about 22 sec. (Fig. 6). With the aid of 
the theory one may use the 380-volt measurements to calculate the values 
quoted in Table I, under the assumption that the field density is propor- 
tional to the applied voltage. (It is difficult to calculate the field density 
from the applied voltage because of the complicated cell geometry.) The 
theoretical decrease of conductivity at complete orientation is —9.2%, 


TABLE I 
alten Duration Change aa aad 

(volts) (sec.) Measured Calculated 

200 5 -3.9 -3.1 

290 15 —6.9 —6.9 

220 Gs —8.0 

380 15 —8.0 

oe n —8.8 
—9.2 
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corresponding to an increase of conductivity of 18.4 % parallel to the field, 
in good agreement with the measurements (see paragraph IV, 1). 


4. High Field Measurements 


The above-described measurements parallel to the field were repeated 
using high field densities (up to 100 kv./em.) and impulse durations of 1 
to 5 X 10-® sec. (strongly damped harmonic oscillations). After the decay 
of a high field impulse an increase of conductivity due to orientation was 
observed only when the orienting field density reached 100 kv./cm. and 
the impulse duration a value of the order of 5 X 10~® sec. In the determina- 
tion of the heat effect one has to take into account the appreciable dissocia- 
tion field effect of the polyelectrolyte. The experiment shows a conduc- 
tivity increase of 0.14% due to the orientation effect (solution II). This 
amount lies definitely outside the error in these experiments. The theory 
(Eqs. [8] and [8b]) gives: 

eu) = 0 _ gga, 
Ko 
It is also possible to calculate from the experiment the time of relaxation. 
One obtains rz = 4.1 X 107+ sec., compared to the theoretical value 
te = 4.3 X 10+ sec. (rz ~ EH). Thus the measurements at high field 
densities are also in good agreement with the theory. 

Furthermore the dissociation field effect and its relaxation were investi- 
gated at 20°C. using a solution of about 1.3 X 107% equivalents/liter (KPOs)z. 
The high tension impulses had the shape of a nearly aperiodically damped 
oscillation; therefore H = Ae-'e‘#t, With these impulses the slope S was 
determined in the linear part of the function « = «(Z) (at w = 3.6 Me./ 


sec. the function was only approximately linear). As average slope we 
found 


1 Ox 4 
in 148 X 10° cm./kv. at w = 0 44 Mc./sec. 
0.91 x 105 1 45 
0.47 X 10° 3 60 
Pe : ) 
Figure 7 shows the ratio of oe at the frequency w to that at w = Oasa 


function of log wrp, where 7p is the relaxation time of the dissociation field 
effect. This representation is advantageous for showing dispersion effects 
and leads directly to the time of relaxation according to the theory cited 


above (14). One obtains here 
Top = 2 X 10-® see. 


Similar results have been found by Bailey, Patterson, and Fuoss (8). 
From this result we may conclude that it is possible to shift the counter 
ions along the surface of the polyion within a very short time. 
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Fie. 7. Relaxation of dissociation field effect: theoretical curve (full line) and 
experimental values. 


V. SUMMARY 


In the previous sections we have described measurements on a poly- 
phosphate, which represents a special kind of polyelectrolyte. The poly- 
valent ions are particles which may be treated to a first approximation as 
rods, fibers, or long rotational ellipsoids. Our experiments lead to the 
following conclusions: 

1. The mobility of the polyions must be larger in the direction of the 
axis than in the direction perpendicular to the axis. Quite generally the 
mobility depends on the angle between the axis of the particle and the 
direction of the force. This is the only plausible explanation for the ex- 
perimental fact that by orientation of the axes into a definite direction a 
decrease of conductance appears perpendicular to this direction which is 
only half as large as the increase in conductivity parallel to this direction. 

2. In an electric field the polyion is polarized in the direction of its axis. 
This means that an electric dipole moment proportional to the field density 
is induced. Therefore in the field an orientation occurs which is a function 
of the square of field density. This orientation is independent of the sign 
of the field density, and appears also in alternating fields, even when the 
period is small compared to the time required for orientation. The only 
requirement is that the frequency is not so high that polarization of the 
polyion is prevented. The polarizability of the polyion probably is due to a 
shifting of the inner ionic atmosphere with respect to the polyion. At 
greater particle length the polarizability assumes values of orders of mag- 
nitude greater than the sum of the polarizabilities of a number of normal 


‘molecules corresponding to the number of monomers in the polyion (this 
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is to say that 10‘ normal molecules bound in a linear macromolecule would 
have a total polarizability of about 10~* * 10* cm.? = 10-2 cms -as 
compared to 10 em.? measured here (|; ~ /2)). This is shown for example 
in the fact that saturation effects already appear at about 1000 volts/cm. 
The corresponding dipole moment at this field density amounts to 6.10° 
Debye, whereas normal polar molecules have dipole moments of the order 
of 1 Debye. 

3. A theory of the field effect of anisotropy of conductance established 
on the arguments of the two previous paragraphs, only summarized in this 
article, results in equations substantiated by the experiments in the 
stationary and time-dependent cases. 

4. The parameters occurring in these equations result in absolute values 
for the degree of dissociation, the maximum increase of conductivity, the 
polarizability, and the rotational diffusion coefficient which are of the 
orders of magnitude to be expected from the structure of the polyvalent 
ions. 

Finally it may be pointed out that the observed effects are of magnitude 
considerably greater than any possible experimental error. Special care was 
taken to avoid spurious results due to temperature or electrode effects. 

Further experiments with other electrolytes at various concentrations, 
frequencies, and field densities are planned for more detailed investigation 
of the phenomenon discussed in this article. Until now the anisotropy of 
conductance has been considered exclusively. In addition, analogous 
effects should appear in the dielectric constants of such polyelectrolyte 
solutions. 
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ABSTRACT 


The flow, without plug action, of soft solids through a cylindrical tube is analyzed 
using the Eyring plasticity equation. Experiments were conducted with lead and wax 
flowing at various rates at several temperatures. A satisfactory correlation is obtained 
with the theoretical expression and the experimental data. 


INTRODUCTION 


The extrusion of metals, plastics, and ceramic materials is largely an art, 
and only experience and empirical relationships have aided engineers in 
design work. Extrusion has become such an important forming operation 
that a mathematical correlation between pressure, rate of flow, and tem- 
perature is highly desirable. The application of fundamental relationships 
to a complicated process such as extrusion naturally results in complicated 
expressions relating rate of flow to temperature and pressure. It is hoped 
that further research will bring these relationships closer to engineering 
application. 

Reports of experimental research in extrusion processes are extensive, 
but little information on the flow of soft solids through a tube without 
plug flow is available for analysis. Pearson (1) obtained empirical rela- 
tionships to correlate his results on the extrusion of metals. Sachs (2) 
has presented equations for the energy expended in extrusion. Ward (3) 
has applied the plasticity relationship developed by Nadai to the extrusion 
of lead. Hill (4) developed theoretical expressions for the flow in a sharp- 
edged die which were checked experimentally by Purchase and Tupper (5) 
with fair agreement. 

If flow through a die with a finite length of cylindrical throat is con- 
sidered, the flow process may be divided into two parts. The first part 
concerns flow from the extrusion cylinder into the die opening. The second 
part consists of flow without plug action through the length of the die. 


1 Financial assistance for this research originated with the Office of Naval Research 
Contract No. N7 ONR 45101 and University Research Fund. 
2 The authors are Assistant Professors of Mechanical and Ceramic Engineering, 
respectively. 
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Eyring and Tobolsky (6) derived an expression for plastic flow of material 
through a tube of uniform cross section based on fundamental properties 
of the materials. The purpose of this investigation has been to isolate the 
second part of the flow process and to utilize relationships derived from 
fundamental considerations to correlate the experimental results. 


EXPERIMENTAL PROCEDURE 


Two materials with distinctly different physical properties were selected 
for this study. The metal lead was selected because of its plastic character. 
American Smelting and Refining Company granulated test lead with a 
purity of 99.9949 % was used. The other material was a paraffin wax with a 
melting point of 48°C. obtained from a local supplier. The viscosity of the 
wax was sharply temperature dependent. This advantage was partially 
offset by the necessity of precisely controlling the temperature to prevent 
fluctuations in flow rate. 


A. Lead 


The apparatus used for the tests on lead is shown in Fig. 1. The indirect 
extrusion method was used. This method eliminates motion between the 
lead and the wall of the cylinder and therefore eliminates the friction which 
results from such motion in the direct extrusion method. The temperature 
was controlled by a thermocouple placed in the extrusion cylinder which 
was connected to a potentiometer controller, which in turn controlled the 
current to the Nichrome heating element. The load was applied with a 
hydraulically operated materials testing machine. Rate of flow was ob- 
tained by measuring the travel of the testing machine head with a dial 
indicator for a given time. 

The granulated test lead was packed into the cylinder, covered with 
powdered graphite to prevent oxidation, and melted by heating the cyl- 
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Fie. 1. Lead extrusion apparatus. 
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Fig. 2. Wax extrusion apparatus. 


inder. The lead was allowed to cool and the top surface scraped clean before 
inserting the die. 

Two dies were used in the tests to isolate the flow in the tube. The flow 
length in one die was 1.27 cm. and the other die had a sharp edge or ef- 
fectively zero length. The diameter of both dies was 1.31 cm. The long 
die was threaded to insure zero velocity at the wall (i.e., to prevent plug 
flow). 

The pressure required to force the lead through a cylinder 1.27 cm. long 
was obtained by plotting curves of flow rate vs. pressure for each die and 
subtracting the pressures for a given flow rate. Figure 3 shows typical flow 
rate curves for the two dies. It is apparent from Fig. 3 that the pressure 
required to force the lead from the extrusion cylinder through a sharp- 
edged die is greater than the pressure required to force the lead through 
the length of the die. 


B. Wax 


The wax was placed in a modified commercial hydraulic cylinder 6 cm. 
in diameter and 50 em. long mounted as shown in Fig. 2. The load was 
applied by stacking weights on a loading platform below the cylinder. The 
loading platform was connected by a yoke to the piston rod. This arrange- 
ment insured a vertical load. Three different dies were used in the tests, 
with diameter 0.993 em. and lengths of 10.17 cm., 7.62 cm., and 1.27 cm. 
The inside of each die was threaded to insure zero velocity at the wall. 
Water from a constant-temperature bath circulated through the water 
jacket on the cylinder to maintain the desired temperature. 

During the testing the weight was applied and the wax was extruded 
through the die. The flow rate was obtained by weighing the wax extruded 
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Flow Rate cm*/sec 


Short Die OLong Die 


Lead 1lI49°C 


Pressure dynes/cm® (x10"°) 


Fra. 3. Flow rate vs. pressure required to force lead from the cylinder through the die. 


in a given time. Experiments showed that the flow rate did not vary sig- 
nificantly with the position of the piston, indicating that the friction be- 
tween the wax and the cylinder wall was negligible compared with the 
force necessary to cause the wax to flow through the die. 

The upper flow rate was governed by localized heating effects at the die 
due to internal friction in the wax. Since the viscosity of the wax varies 
markedly with temperature, an increase of only a few degrees caused un- 
usually high flow rates. The loads were not increased above the point where 
this effect caused noticeable fluctuation in the flow rate. 

The pressure required to force the wax through a length of the cylindrical 
throat was obtained by subtraction as in the case of lead. 


EXPERIMENTAL RESULTS 


Typical results of the tests are shown in Fig. 3. Since the flow rate has 
exponential dependence on temperature and pressure small fluctuations in 
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either of these quantities were strongly reflected in the flow rate. Attempts 
to reproduce the data generally resulted in pressure variations within 4% 
for a given rate of flow for the lead and within 10% for the wax. 

It was possible to closely control applied loads in either system, and the 
reported values are estimated as correct within 2%. 

Temperature variation was estimated as being within 2% over the 
length of the cylinder in the lead apparatus and within 1% with the wax 
apparatus. It was not possible to measure localized temperature fluctuations 
at the die entrance in either apparatus. At high flow rates the temperature 
varied enough owing to friction to cause unusually high flow rates. These 
data were not considered in the correlation. 


THEORETICAL CORRELATION 


The equation for plastic flow may be derived as follows: 

Consider flow from an enlarged cylinder through a cylindrical tube of 
length ZL and diameter 2R. The entrance effect will not be considered. 
Then a force balance on a small cylindrical element of the flowing material 
with diameter 2r and length L results in 


Prr? = f2arl, [1] 


where P is the pressure differential over the length of the die and f is the 
average unit shearing stress along the length of the cylindrical element. 
From the Eyring plasticity relations* the shearing velocity gradient is: 


du A kt —artjer .. f 
= gee Bday sinh —— [2] 
dr ALA 2fog 
(See Table II in the appendix for the meaning of all symbols.) Equation 
[2] may be written in a more convenient form by letting 


1 ¥ N kt —art/er 
a= fog’ and K =a i i é 
Making this substitution [2] becomes 
Whe Agia fo (3) 
dr 


The shearing stress from [1] may be substituted into [3] and the resulting 
expression integrated over the radius of the tube to get the velocity dis- 
tribution in the tube. If the velocity is taken as zero at the tube wall as a 
boundary condition the results are: 


2k oPR _ a i 
eae (cosh is cosh >> [4] 


3'This derivation utilizes the generalized theory of plastic flow as presented in 
reference 7 and is slightly different than the derivation presented by Tobolsky and 


Eyring in reference 6. 
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The flow rate may be obtained by considering the flow through an 
infinitesimal ring and integrating over the area of the tube. 


“4 PO K aPR ay 
=_ — 9 
Q [ u2n«r dr i =P (cost spe cosh oy, ) 2m dr 7 
WKR’L aPR AWE, =. GWeTi 16L7 oo. ArePh 
= j = sinh? 
q aP (cosh 2L aPR sige 2L (aPR)? er 4, ) 


This equation expresses the volume rate of flow as a function of the pres- 
sure, the dimensions of the tube, and the physical constants for the material 
flowing. At sufficiently high pressures [5] may be approximated by 


ctKR’L a ( a 


ae lee Ta i 


The constants K and a for different materials may be obtained by fitting 
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Fig. 4. Flow rate vs. pressure required to force lead through tube at 
various temperatures. 
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Fig. 5. Flow rate vs. pressure to force wax through tube at various temperatures. 


the equation to experimental data. As previously pointed out by using dies 
with differing lengths of cylindrical throat pressure drop due to flow through 
the cylindrical throat may be isolated. 

Figures 4 and 5 show the flow rate plotted as a function of the pressure 
drop across the length of the die. The solid line is a plot of Eq. [5]. The 
points represent experimental data. It may be noted that the curve is a 
straight line on the semilog plot at the high-pressure and as predicted by 


the approximate relation, Eq. [6]. 
The constant, K, free energy of activation, AF, and the constant a 


TABLE I 
Lead Wax 

Temp. K AFt a Temp. K AFt a 
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were obtained from fitting the equation to the data. These parameters 
are constants for the materials at the specified temperature and are tabu- 
lated in Table I. Two sets of data are shown for the wax at 35.6°C. The 
second set of data was obtained from the difference between medium- and 
short-throated dies, and the other data apply to the long- and short 
throated dies. 

As can be readily seen from the curves, the theory and the experimental 
data agree well at high pressures, but for some cases there appears to be a 
small discrepancy at low pressures. It is likely that a better fit in the low- 
pressure region could be obtained by applying one of the more elaborate 
models suggested by Ree and Eyring (8). 


CONCLUSIONS 


1. The major part of the pressure required for extrusion with dies of 
dimensions used in this work is due to the entrance effect. 

2. Excluding the entrance effect, extrusion of lead and wax can be 
correlated by the Eyring plasticity equation. 

3. At high flow rates the simplified expression, Eq. [6], gives a satisfactory 
correlation between flow rate, pressure, and temperature. 


APPENDIX 


Symbols used in this paper: 


Rk = radius of uniform section of die, gas constant. 
r = radius of flow element in die. 

P . = pressure. 

f = shearing stress. 

LT = length. 

u = velocity at radial distance r from center of die. 
K = rate constant. 

k = Boltzmann constant. 

h = Planck’s constant. 

a 


= temperature. 
AFt = free energy of activation. 
A: = distance between slip planes. 
nN = distance patch moves per jump. 
fo = initial localized stress. 
g = ratio of length of free vibration of patch to distance jumped. 
a = 1/2f og. 
Q = volume flow rate. 
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INTRODUCTION 


According to the current theory of linear viscoelasticity (1), all time- 
dependent mechanical properties, such as the creep under constant stress, 
the relaxation of stress at constant strain, and the real and imaginary parts 
of the complex dynamic modulus, for a given substance under given ex- 
perimental conditions, are correlated with each other through the rigorous 
mathematical relations involving a function called the “distribution of 
relaxation times’? or more simply the ‘relaxation spectrum.’’? Although 
numerous experimental data have recently been reported on linear visco- 
elastic behavior of high polymers, both in bulk and in solution, there are 
as yet few experimental studies which were attempted to check the validity 
of these theoretical interrelations using well-established high polymeric 
systems. In a series of publications Tobolsky and Catsiff (2) presented ex- 
tensive stress-relaxation data on a National Bureau of Standards sample of 
polyisobutylene and compared dynamic properties predicted therefrom 
with the “best”? dynamic mechanical data of Ferry and associates (3, 4) 
on the same sample. The results they obtained are highly satisfactory in 
all respects examined, and appear to confirm the validity of the theory of 
linear viscoelasticity, although they had to confine themselves to the com- 
parison only in the region from rubbery to glassy consistency. 

The purpose of the present paper is to describe the results of our study 
on a similar problem carried out with polyvinyl acetate. Stress-relaxation 
data are obtained on more than 10 samples of polyvinyl acetate over a 
wide range of temperature 10°-130°C. They are then combined, by the 
use of Tobolsky’s time-temperature superposition principle (5) (equivalent 
to Ferry’s reduced variables method (6)), to obtain a master stress-relaxa- 
tion curve for each of the samples. The master curves so obtained all cover 
a range of relaxation modulus from 10 to 104 dynes/em.2, and thus demon- 
strate well the general behavior of this transient mechanical property of 
polyvinyl acetate in the glassy state, in the rubbery state, and in the transi- 
tion region in between. In addition to this, its dependence on average molec- 
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ular weight is demonstrated clearly from these master curves. The second 
approximation method proposed by Ferry (7) is then used to determine the 
continuous distribution of relaxation times for each of the samples from 
the corresponding master stress-relaxation curve. It is found that the dis- 
tribution curves so obtained are molecular weight-independent in and 
above the transition region and thus permit comparison with those ob- 
tained in the same region by previous workers on polyvinyl] acetate samples 
of different molecular weights. In the present paper, the data obtained by 
Williams and Ferry (8) from dynamic measurement are chosen for this 
purpose, because their results are highly accurate and self-contained. The 
real and imaginary parts of the complex dynamic modulus as well as the 
mechanical loss tangent are calculated from the relaxation spectrum for one 
sample, and compared with the data of Williams and [erry (8) in and above 
the transition region. No such comparison is made in and below the rubbery 
region, because no corresponding dynamic data are yet available. 

Steady-flow viscosities, as calculated from all relaxation spectra ob- 
tained, are shown to increase linearly with W;"*, where /, is the viscosity- 
average molecular weight, in agreement with the data by previous workers 
on various amorphous polymers (9). 

Under some assumptions an equation is derived which represents the 
relaxation spectrum of the whole polymer as a sum of relaxation spectra 
associated with its components. It is shown, on the basis of this equation, 
that the shape of the relaxation distribution curve for a given polymer in 
and below the rubbery region is closely correlated with the weight dis- 
tribution of molecular weights. 


MATERIALS AND Merruops 
Samples 


Two unfractionated samples of polyvinyl acetate (hereafter referred to 
as PVAc) were furnished from the Institute for Chemical Research, Kyoto 
University, through the kindness of Professor IT. awai of the Department 
of Textile-Chemistry, Faculty of [ngineering, Kyoto University. They 
had been prepared with a laboratory-scale low conversion. Their viscosity- 
average molecular weights, M,, determined from the intrinsic viscosities 
in acetone using Sakurada-Chiba’s equation (10) (see below), were 358,000 
and 144,000, respectively. For convenience, they were designated, respec- 
tively, as Sample O and Sample K. Sample O was fractionated by use of the 
method of successive fractional extraction, with methanol as solvent and 
a mixture of water and methanol as nonsolvent. 

First, the sample was separated into 14 parts at 20°C. with an interval 
of successive fractionations of 2 to 3 days. The volume ratio, R, of two 
liquid phases in equilibrium was from 0.077 to 0.476 throughout this frac- 
tionation process. The corresponding yields of the fractions obtained were 
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from 0.5% to 18%. The 14 fractions obtained in this process were desig- 
nated, in order of fractionation, as FI, FIT, ——— and FXIV. By using the 
same procedure, Sample O was separated into two crude fractions, S and 
P, in which case the R value was kept less than 0.01 and the supernatant 
phase was extracted 20 days after the nonsolvent had been added to the 
solution. To obtain more data to establish the molecular weight distribu- 
tion in Sample O, a small portion of each fraction in the series from FVI 
to FXIV, except for FXII and FXIII, was further separated into two 
parts, using the same procedure as above, at 20°C. with the volume ratio 
R less than 0.005. The sample FXII was not fractionated further. Part of 
fraction FXIII was separated into five fractions, again using the same pro- 
cedure under the same conditions. The sharper fractions thus obtained are 
designated, for instance, as FVI-I and FVI-II for those from fraction FVI. 
In this way, except for two crude fractions S and P, 25 fractions in total 
were derived from Sample O. 

The molecular weights of these fractions and of the unfractionated 
samples, O and K, were evaluated from their intrinsic viscosities in acetone 
at 26°C., using Sakurada-Chiba’s equation (10): 


[n] = KM,*, [1] 


where [n], the intrinsic viscosity, is expressed in 100 ml./g., 7, is the vis- 
cosity-average molecular weight, and K and a are constants given, respec- 
tively, as 


K = 4.53 & 107+ and a = 0.62 


in the molecular weight range 104-10°. This equation had originally been 
determined at 30°C., but we applied it to our data at 26°C., assuming that 
this shght difference in temperature had a negligible influence on the values 
of K and a. A Ubbelohde-type viscometer having a flow time of 71.5 
seconds for acetone at 26°C. was used, and the intrinsic viscosity values 
were determined, as usual, by extrapolating the reduced viscosity vs. 
concentration curves graphically to zero concentration. No kinetic energy 
correction was applied to the data obtained. It was found that the Huggins 


constant k’ in the usual viscosity equation varied in the range 0.32-0.45 
from fraction to fraction. 


Preparation of Sample Films 


For stress-relaxation measurements only twelve samples were used; they 
were fractions PVI, FVII, FVII, FIX, FX, FXI, FXII, and FXII, crude 
fractions S and P, and whole polymers O and K. Film samples for seat 
relaxation experiments were prepared according to the following procedure. 

The sample, dissolved in acetone and filtered through a sintered glass- 
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filter, was precipitated by adding excess water to the solution. After the 
precipitate had been dried thoroughly, it was again dissolved in acetone 
to make up a solution of 5.0 g./dl. concentration, which was, in turn, al- 
lowed to stand for 24 hours at room temperature. The solution was then 
poured into a glass ring floating on mercury, and allowed to stand over 
P.O; in a desiccator until the film formed became transparent. During this 
period the solvent was being removed by slowly drawing air through the 
desiccator. The ring with the film attached was then lifted off the mercury 
and placed in a leaching bath of distilled water. Finally, after a day’s leach- 
ing the film was dried in air at room temperature until it became again 
transparent. The film thus obtained was allowed to stand in an air thermo- 
stat kept at 50°C. for a day, and then stored over P.O; in a desiccator. 
For actual use in stress-relexation experiments a ribbon-shaped piece was 
cut out of the film prepared as above, using a razor blade. The film thick- 
ness was calculated from the known weight and area of the film, using 
1.193 g./ml. for the density of polyvinyl acetate. The density was de- 
termined, using a flotation method, for all the samples having different 
molecular weights and found to be almost independent of molecular weight 
in the range studied. The value of 1.193 g./ml. was assumed from those 
data for the average density of this polymer at 23°C. Precisely speaking, 
the measured densities, p, increased slightly with molecular weight, /, 
according to the equation: 1/p = 0.8363 + (35/M) (23°C.). 


Apparatus 


The apparatus used for stress-relaxation measurements was an automatic 
chainomatic balance-relaxometer coupled with a self-recorder. It was es- 
sentially the same as the automatic relaxometer used by Guth (11) in a 
study of mechanical properties of cork; however, many modifications and 
improvements were added to Guth’s original apparatus so that high sensi- 
tivity and stability could be obtained in measuring the stress over a wide 
interval of time and over a wide range of temperature concerned in the 
present work. The details of the apparatus and of the procedure in its 
actual use will be described elsewhere (12). The mechanical part, including 
the sample film, of the relaxometer was mounted tightly in the inner cham- 
ber of a double-layer thermostatted air bath constructed specially for the 
present work. The temperature in the inner chamber was regulated by 
means of a toluene-mercury thermoregulator in the range 10°-100°C. and 
of a liquid paraffin-mercury thermoregulator in the higher temperature 
range, both coupled with an electronic relay. The temperature in the outer 
chamber was controlled by means of a bimetallic thermoregulator and kept 
always somewhat below the desired temperature in the inner bath. When 
the system was properly adjusted, temperatures in the inner bath, measured 
with an accurate thermometer placed near the sample film, could be kept 
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constant to within +0.05°C. in the range below 100°C. and to within 
+0.1°C. at the higher temperatures. It was found that accurate enough 
temperature control was extremely important to obtain reproducible stress- 
relaxation data in the transition region from rubbery to glassy consistency. 
Polyvinyl acetate is known to be slightly hygroscopic. However, it was 
found in the course of this work that the stress-relaxation curve at a given 
temperature is influenced markedly by relative humidity of the surround- 
ing air; so bulks of P.O; were placed in both chambers to maintain a mois- 
ture-free atmosphere during measurements. 

The sample film was stretched manually by a predetermined amount 
within an interval of 3 to 4 seconds, and the resulting deformation was 
measured to within 0.001 em. with the aid of a special screw gauge at- 
tached firmly to the main body of the apparatus. The sample length was 
about 5 em. in all cases studied, so that strains could be determined correct 
to 0.02%. The strains used were less than 2% in and above the transition 
region, and less than 20 % in and below the rubbery region. So the mechani- 
‘al data obtained were believed to have been in the region of linear visco- 
elasticity. The sample width as well as the line density of the stress-sup- 
porting chain were varied properly, in accordance with the magnitude of 
stress to be measured, so that the desired stress-relaxation curve could be 
recorded with a reasonable magnification on the rotating drum. The stress 
was calculated with respect to the cross-sectional area of the unstrained 
sample. 

It proved very important to use samples which had been sufficiently 
annealed, in order to obtain reproducible data at temperatures near the 
second-order transition point of the polymer. For the measurements in this 
region, therefore, the following annealing procedure was used before each 
relaxation run has been made: the sample film was allowed to stand at 40°C. 
for one week in a desiccator, after which it was gradually cooled down at 
arate of 1°C. a day until the desired temperature was reached. The sample 
was then taken out of the desiccator and quickly introduced into the test 
chamber which had previously been regulated to the desired temperature. 
After the sample had been clamped, it was still allowed to stand for 24 
hours, with the chamber kept at that temperature. We cannot claim that 
this annealing procedure was quite satisfactory to obtain reliable relaxation 
data in the region encompassing the transition point. In spite of careful 
treatments of the sample and the apparatus, peculiar data which were far 
out of line with the other results were obtained occasionally in this region, 
and had to be discarded for further discussion. A further investigation is 
apparently needed on this problem to establish a definite annealing pro- 
cedure which permits reliable evaluation of the stress-relaxation behavior in 
the region encompassing the transition temperature. 
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RESULTS 
Molecular Weight Distribution 


The intrinsic viscosity values and the corresponding molecular weights, 
calculated from Kq. [1], of all the fractions separated from Sample O, in- 
cluding the crude fractions S and P, and of the unfractionated samples O 
and K are recorded in Table I. It is expected that the molecular weights of 
the fractions separated using the successive fractional extraction increase 
monotonical with the repetition of extraction. However, it is observed from 
the table that this was not the case with the results of the present fractiona- 
tion, 1.e., the molecular weight passes through a minimum when going 
from fraction FVI to fraction FVIII. This peculiar result may have been 
due to our insufficient fractionation technique. It should be mentioned that 
the yields of fractions FI to FV were so small that these fractions could not 
be used for relaxation measurements. Fraction FXIV was discarded for 
relaxation experiments, because it was probably much more heterogeneous 
than the earlier fractions. 

The yield values and the molecular weights of the 25 fractions (indicated 
with asterisks in Table I) were combined, according to the usual procedure, 
to obtain the integral weight distribution of molecular weights in Sample 
O, as shown in Fig. 1. By differentiating graphically the smooth integral 
molecular weight distribution curve, A, drawn to best fit the experimental 
points, a curve, B, shown in the same figure was derived, which gives the 
differential weight distribution of molecular weights in Sample O, pro- 
vided each fraction was sufficiently sharp. The sharpness of a given fraction 
may be checked by comparing its viscosity-average molecular weight with 
its number-average molecular weight determined osmotically; however, 
this was not attempted in this work. It is believed that the molecular weight 
distribution obtained here is not so markedly deviated from the true dis- 
tribution, in view of the fact that fractionations were carried out with 
sufficiently small values of R (volume ratio of two liquid phases in equilib- 
rium) (13). The weight-average, number-average, and viscosity-average 
molecular weights of Sample O, as calculated from the equations: 


= i My(M) aM, 
0 


Bie | ‘ 
oo 1/0-62 

Ae | i M*9(M) ant | 
0 


where ¢(J/) dM is the normalized weight distribution of molecular es 
shown in Fig. 1, are M@, = 418,000, M, = 233,000, and M, = 353,000. 
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TABLE I 
Intrinsic Viscosities [n] and Viscosity-Average Molecular Weights M, of Polyvinyl 
Acetate Samples Studied 


Sample In] (100 ml./g.) My 
FI * 0.580 103, 000 
FII * 0.791 171,000 
FII * 1.02 258 , 000 
FIV * 1.02 258 , OOO 
FV * 0.750 157, 000 
FVI ° 0.509 83 , 600 
FVI-I * 0.460 71,400 
FVLII * 0.900 209, 000 
FVII ° 0.466 72,600 
FVILI * 0.449 68, 300 
FVII-II * 0.800 172,000 
FVIII ° 0.750 157 , 000 
FVITI-I * 0.700 139, 000 
FVIII-II * 1.29 375, 000 
FIX 0.8380 184, 000 
BEXeT * 0.768 161,000 
FIX-II * 1.39 421,000 
FX ° 1.09 286 , 000 
EXT * 0.918 221,000 
PX-II * 1520 489 , 000 
FAI fc) 1.39 420, 000 
FXI-I * aa is 376,000 
EXI-ID * 1.91 701,000 
FXIL «oO 1.438 441,000 
FXII ° 2.04 784, 000 
EXIII-I * 1.67 569, 000 
FXIII-II * 1.69 581,000 
FXIDI-TI1 * 1.88 654, 000 
FXIII-IV * 2.02 766, 000 
FXIII-V * 2,42 1030, 000 
FXIV 2.44 1050, 000 
EXIV-I * 1.80 929 , 000 
FXIV-II * 2.92 1400, 000 
O ° 1.26 358 , 000 
S ° 1.07 277 , 000 
[e ° 1.66 562,000 
K ° 0.715 144,000 


* indicates fractions used to obtain the molecular weight distribution in Sample O. 
° indicates samples used in stress-relaxation measurements. 


It is interesting to note that the calculated 7, is in excellent agreement with 
the value 358,000 obtained experimentally. 
Stress-Relaxation Data 


Typical experimental data are shown in Fig. 2, where we have plotted 
the observed relaxation curves for fraction FXI against time (minutes) 
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Fic. 2. Stress-relaxation data for sample FXI at various temperatures; E,(t) is the 
relaxation modulus in dynes per square centimeter. 
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Fia. 3. Master stress-relaxation curves for several PVAc samples reduced to 75°C. 


on a log-log graph. It is observed that the curves for various temperatures 
may be superposed to form a single composite curve, i.e., a master stress- 
relaxation curve, by shifting them horizontally along the log-time axis. 
Actually, small arbitrary vertical shifts were found necessary to apply to 
some of the observed curves, in order to make them superpose satisfactorily. 
These arbitrary shifts were used in place of the usual correction for the 
kinetic-theory dependence of the stress in a rubberlike material. It ap- 
peared less justified to apply this “theoretical”? correction (6), because 
uncertainty in strain and stress measurements, imperfect annealing of the 
sample, and other unknown factors should have disturbed our experimental 
data more seriously. It was found that for all PVAc samples treated in the 
present relaxation measurements smooth master relaxation curves could 
be constructed satisfactorily in the manner described above. Figure 3 
shows some of the master relaxation curves so obtained. The reference 
temperature for these time-temperature reduction processes was chosen 
as 75°C. to compare our data with Williams and Ferry’s data (8) on an un- 
fractionated PVAc sample. 

It had previously been demonstrated for polyisobutylene (14, 15) and 
polymethyl methacrylate (16) that differences in molecular weight and 
molecular weight distribution had very little effect on the shape of relaxa- 
tion distribution function in the transition region from rubbery to glassy 
consistency. This must also be the case with the shape of master relaxation 
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function in the same region. Under the assumption that this condition holds 
for all the PVAc samples studied in this work, all the relaxation data cover- 
ing the entire region from glassy consistency to rubbery flow were obtained 
only for a single sample, fraction FXI; and the composite relaxation curve 
derived therefrom was connected smoothly to those for other samples 
(which were determined only in and below the rubbery region) at lower 
terminal portions of the transition region, where all experimental master 
curves were found to converge to a single line, as shown in Fig. 3. It should 
be noted that the molecular weight-independent behavior of the master 
relaxation curve in the transition region is realized only in a certain limited 
range of molecular weight. As a matter of fact, the relaxation spectrum 
obtained by Harper et al. (17) for polyisobutylene of extremely low molec- 
ular weight does not superpose with that of Andrews and Tobolsky (15) 
for a high enough molecular weight polyisobutylene sample. 

The factor a7 by which amount to shift the relaxation curve at temper- 
ature T along the log-time axis to form a composite master relaxation curve 
at the reference temperature was determined as a function of temperature 
for each of the samples studied, and found to be independent of molecular 
weight within a practical accuracy. Typical experimental a7 data will be 
presented in a later section of this paper. 


DIscussION 
Distribution of Relaxation Times 


The overall trend of the master relaxation curves in Fig. 3 is of the 
familiar type which had been demonstrated by previous workers on various 
linear high polymers, both in bulk and in concentrated solutions. Different 
from the data of Tobolsky and associates on high molecular weight poly- 
isobutylene (15) and polymethyl methacrylate (16), the present data on 
PVAc do not show any definite ‘‘plateau”’ in the rubbery region. The limit- 
ing glassy modulus may be estimated to be 2.5 X 10'° dynes/cm.? from 
Fig. 3. 

Relaxation spectra, @(log r), were calculated for all the samples from 
their master relaxation curves H, (log t), using the second approximation 
formula proposed by Ferry and Williams (7): 


1 d log E,(log 4| P 
B(log t) = — Tam) Ee t) Tdi Tee [3] 
where I (1 + m) is the Gamma function and m is given approximately by 


d d log E,(log 2] 4 
Lacan eee log Ee t) TL poe [4] 


In calculating ® in and above the transition region, use was also made of 
the second approximation formula of Schwarz] and Staverman (18) to 


check the values from Ferry’s equation [3]. 
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Fig. 4. Distributions of relaxation times for several PVAc samples at 75°C.; ® (log 7) 
is the relaxation spectrum expressed in dynes per square centimeter. 


By way of example, the ® curves corresponding to the five master re- 
laxation curves in Fig. 3 are presented in Fig. 4 on a log-log graph. The 
general trend and shapes of these curves are quite similar to those for 
many other linear high polymers, both in undiluted and diluted states. 
Different from high molecular weight polyisobutylene worked out in par- 
ticular detail by Tobolsky (2) with transient measurements and by Ferry 
(8, 4) with dynamic measurements, PVAc demonstrates a very limited 
Rouse slope (— 1% on the log & vs. log 7 graph) (19) near the lower terminal 
zone of the transition region. Of interest is the systematic variation of the 
shape of relaxation spectrum brought about in the rubbery region by the 
change in molecular weight. It is seen that with increasing molecular weight 
a shallow minimum of ® appears in the initial zone of the rubbery region 
and shifts slightly to longer times. The point at which the tail of the rubbery 
region drops off shifts to the right much more rapidly with increasing 
molecular weight, in agreement with the finding made by previous workers 
on many linear polymers. It is observed also that the present results indi- 
cate ® at long relaxation times to depend toa considerable extent on molec- 
ular weight distribution. In fact, the @ curves for fraction FXI and whole 
polymer O are significantly different in detailed shape over the rubbery 
region, particularly in its tail to rubbery flow, in spite of the fact that both 
samples have comparable viscosity-average molecular weights. There is a 
tendency for @ at long relaxation times to have its shape become closer 
to the ideal “‘box-type” with increasing sharpness of molecular weight dis- 
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tribution. A similar tendency of ® is observed in Ferry’s data (20) on a 
sharply fractionated polyisobutylene sample in concentrated solutions, 
and also stated in Andrews and Tobolsky’s paper (15) on undiluted poly- 
isobutylene. 

Williams and Ferry (8) have recently calculated the relaxation spectrum 
in shear ®,(log 7) at 75°C. for an unfractionated sample of PVAc (M, = 
420,000 and M,, = 140,000) from complex dynamic rigidities measured in 
the audiofrequency range at temperatures from 50° to 90°C. Their data 
cover the complete transition region from glassy to rubbery consistency. 
Under the assumptions that the relaxation spectrum at a given temperature 
is independent both of molecular weight and molecular weight distribution 
in the transition region and that Poisson’s ratio for PVAc in this region is 
not different significantly from 14, Williams-Ferry’s ®, values are compared 
with ours in Fig. 5. The open circles in the figure represent the values 
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Fig. 5. Relaxation spectra in shear in the transition region from rubbery to glassy 
consistency; solid line, present result; dashed line, Williams-Ferry’s result (cbtained 


by smoothing their original data); open circles, values computed by Roesler from 
Williams-Ferry’s data for the imaginary component of the complex dynamic rigidity. 
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calculated by Roesler (21) from Williams-Ferry’s data for the imaginary 
component of the complex dynamic rigidity using the iteration method of 
Roesler and Twyman (22), and are included for comparison. Three sets 
of data agree quite satisfactorily in the central and lower zones of the 
transition region. In the upper zone of the transition region, encompassing 
the glassy zone, a considerable discrepancy is observed between our data 
and those of Williams and Ferry, although the location of the peak of 
accords satisfactorily in both results. It is not clear to us why such a great 
discrepancy appeared in this high-modulus region. The difference appears 
too large to be accounted for by experimental errors only. In connection 
with this, it is important to note that our relaxation spectrum in this region 
was derived from the stress-relaxation data obtained at temperatures below 
the transition point (about 30°C.), whereas that of Williams and Ferry 
was from the dynamic data at temperatures far above the transition. As 
will be discussed below, the validity of the time-temperature superposition 
principle becomes less reliable beyond the upper central zone of the transi- 
tion region. If so, the discrepancy as revealed here with the data on PVAc 
may be an indication of this phenomenon. 


Predicted Dynamic Properties 


Once the relaxation spectrum (log r) at constant temperature has 
been determined over a wide enough range of time-scale from stress-relaxa- 
tion measurements, it is possible in principle to calculate dynamic mechani- 
cal properties at that temperature on the basis of the theory of linear visco- 
elasticity. Thus, for the real and imaginary parts, H’(w) and H”(w), of the 
complex dynamic modulus as functions of frequency w, we have 


R’ 3 sd wr? 
(w) = 2.303 ig &(log T) ee d(log 7), [5] 
a i > WT 
E"(w) = 2303 [ _ (log 7) TH are Mog 7), [6] 
and for the mechanical loss tangent 
E” ( w) 
tan 6 = E'(e) F [7] 


E(w) may be calculated from the known stress-relaxation modulus data, 


E(t), by means of an approximate formula proposed by Catsiff (2) based 
on the more exact formula of Marvin (23): 


E(w) = [E(t) + B(m)®(log t)] nyo, [8] 
where B(m) is defined by 


Bim) = : cosec a) — T(m) [9] 
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Fig. 6. Real and imaginary parts of the complex dynamic elasticity in dynes per 
square centimeter, H’(w) and H#”(w), for Sample O; solid lines, predicted from the 
stress-relaxation data; dashed lines, Williams-Ferry’s experimental curves. 


and m is given approximately by Eq. [4]. A table of the function B(m) is 
found in reference 2. 

The values of E’(w), H”(w), and tan 6, computed for the whole polymer 
O, are presented graphically in Figs. 6 and 7, where the dynamic data of 
Williams and Ferry (8) cited above are included for comparison. Values 
of E’(w) in the transition region were calculated by numerical integration 
of Eq. [5], and those in the rubbery region with the aid of Marvin’s ap- 
proximation. The overall agreement of the predicted values with the 
observed ones, where comparison is possible, is satisfactory for all— 
E'(w), E”’(w), and the loss tangent. It should be noted that a slight dis- 
crepancy either in E’(w) or H”(w) is considerably magnified in computing 
the loss tangent. The marked deviations from the observed values, ob- 
served in the high-modulus portion of the transition region, noticeably at 
the peak of E”(w), are no more than a reflection of the great discrepancy 
of our relaxation spectrum from that of Williams and Ferry in the corre- 
sponding region. The slight differences, as observed in the lower terminal 
zone of the transition region, may not be considered as too serious, being 
probably within the limits of experimental error. 

The predicted loss tangent values are systematically lower than the 
observed values at frequencies higher than that at which the maximum 
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Fig. 7. Mechanical loss tangent, tan 6, for Sample O; solid line, predicted from the 
stress-relaxation data; dashed line, Williams-Ferry’s experimental data. 


dispersion occurs. Tobolsky and Catsiff (2) observed a similar disagreement 
in the loss tangent when they compared dynamic properties predicted from 
stress-relaxation data on a National Bureau of Standards polyisobutylene 
sample with Ferry’s experimental dynamic data (8, 4) on the same sample. 
It is important to note the fact that the frequency at which the predicted 
loss tangent curves for PVAc begins to deviate systematically from the 
experimental curve lies well below the region of frequencies where both 
predicted H’(w) and H”(w) themselves are systematically lower than the 
respective experimental values. If we consider that a similar phenomenon 
was noted by Tobolsky and Catsiff for polyisobutylene (more definitely in 
their case), it appears that this phenomenon is rather common and suggests 
that the time-temperature superposition principle must, in general, cease 
to hold at earlier stages of the glassy-modulus region than usually pre- 
sumed. Tobolsky and Catsiff (2) have stated, in line with this considera- 
tion: “Both theoretical and practical considerations indicate that the 
time-temperature superposition principle must fail at temperatures well 
below the glassy transition, 7',.’”” However, it is obvious that much more 
data have to be accumulated on the mechanical behavior in this critical 
region before the definite answer to this problem can be derived. 

No such comparison of predicted dynamic properties with observed ones 
as could be done in the transition region can be attempted in and below the 
rubbery region, because no experimental dynamic data are yet available 
there for any of the PVAc samples treated in this work. Since time-de- 
pendent mechanical properties in this region are affected pronouncedly by 
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BIGlS. Steady-flow viscosity in poises, 7, plotted against viscosity-average 
molecular weight, M, at 75°C.; open circles, data for fractionated samples; closed 
circles, data for unfractionated samples. 


molecular weight and molecular weight distribution, data obtained for 
any other samples of this polymer are of no help for the comparison of 
interest. This condition imposes a rather serious limitation on any attempt 
to check the validity of the theory of linear viscoelasticity in the region of 
rubbery consistency. 


Steady-Flow Viscosity 
The steady-flow viscosity (in tension), 7, of a given substance at con- 
stant temperature may be calculated from the relaxation spectrum (in 
tension), ® (log 7), by means of the equation: 


n = 2.303 fe r®(log r) d(log 7). [10] 


Values of » have been computed for all PVAc samples whose relaxation 
spectra were determined at 75°C. over wide enough ranges of time scale, 
and plotted against viscosity-average molecular weight M, in Fig. 8 on a 
log-log graph. It is seen from the figure that the data are best represented 
by a linear equation of the form: 


log 7 = —8.05 + 3.4 log M, [11] 
over the range indicated. It is of interest to note that within the limits 


of practical accuracy the data for unfractionated samples (indicated specif- 
ically with closed circles) fall in line with the data for fractionated samples. 
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This indicates that the steady-flow viscosity is dependent primarily on 
viscosity-average molecular weight only and not affected significantly by 
molecular weight distribution (15). The molecular weight dependence of 
the steady-flow viscosity of PVAc as found here may be compared favorably 
with the results of Andrews and Tobolsky (15) on polyisobutylene, in 
which 7 varies linearly with the 3.3 power of viscosity-average molecular 
weight. Fox (9) has recently summarized published data for steady-flow 
viscosity on a number of high polymers, both in bulk and in concentrated 
solutions, and found that they are all best fitted by an empirical equation: 
log n = a+ 3.4 log M,, (a is constant and M,, is weight-average molecular 
weight), in agreement in form with Eq. [11]. However, an important point 
must be pointed out which makes the reliability of the factor 3.4 in our 
Eq. [11] somewhat doubtful. We have adopted Sakurada-Chiba’s formula 
in evaluating the viscosity-average molecular weights of PVAc samples 
from their intrinsic viscosities in acetone. Some reports on the viscosity- 
average molecular weight vs. intrinsic viscosity relation for this system 
indicate for a in Eq. [1] higher values than 0.62 appearing in Sakurada- 
Chiba’s formula. The values of 0.66 and 0.68 have been reported by some 
authors (24, 25) and even a value of 0.74 by Chinai et al. (26). When any 
of these higher values is assigned to a in applying Eq. [1] to our intrinsic 
viscosity data, a higher slope than 3.4 is obtained for the log 7 vs. log M, 
plot. Thus, so far as the present data on PVAc are concerned, the reliability 
of the slope value 3.4 is not yet established firmly. 


Effect of Molecular Weight Distribution 


It has been shown in Fig. 4 that the shape of the relaxation spectrum in 
the rubbery region is dependent significantly on molecular weight dis- 
tribution. As was pointed out by Ferry (27), it should, in principle, be 
possible to derive the molecular weight distribution for a given sample 
from its relaxation spectrum in this region. However, so far we have no 
adequate theory which makes this prediction carry through. This situation 
is due largely to the fact that no quantitative theory is yet available for the 
mechanical relaxation behavior of a molecularly homogeneous (non-cross- 
linked) polymer at long times. In what follows, under some assumptions a 
semiquantitative theory of correlating the mechanical behavior in the 
rubbery region with molecular weight distribution is presented and applied 
to the experimental data for Sample O. 

. The starting assumptions in this treatment are as follows: (1) the relaxa- 
tion spectrum for a molecularly homogeneous polymer in the rubbery 
region can be approximated by a “‘box-type” function, and (2) any inter- 
actions arising from the mixing of polymers having different chain lengths 
can be neglected. 


If we denote the relaxation spectrum of a given polymer and that of its 
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Fig. 9. Schematic diagram of the relaxation spectrum in the rubbery region, 
where the actual distribution curve is approximated by a “‘box-type”’ function. 


component polymer with molecular weight M by @(log r) and ®,,(log 7), 
respectively, it is shown under the assumption (2) that 


P(log 7) = [ }y(log r)y(M) dM, [12] 


where ¥(//) dM is the normalized volume distribution of component with 
molecular weight MW. Since the density of polymer is practically independent 
of molecular weight in many systems, ¥(J/) dM is almost identical with 
the normalized weight distribution of molecular weights, g(J7) dM. Thus, 
Eq. [12] may be written 


nee i eto Daal. [13] 


The assumption (1) is very drastic; however, as has been noted in 
foregoing lines, there is a tendency for @ in the rubbery region to have its 
shape become closer to the “box-type’’ with increasing sharpness of 
molecular weight distribution. The box-type distribution function may 
be characterized by three parameters 7), Tm, and C, as shown graphically 
in Fig. 9. It is seen from the curves in Fig. 4 that, when each of them is 
approximated by an “equivalent” box function in the rubbery region (as 
shown schematically in Fig. 9), both 7, and C are little affected by molecular 
weight, while 7, is dependent very strongly on molecular weight. The 
steady-flow viscosity calculated for this box distribution from Eq. [11] is 


represented by 
log 7 = log C + log (tm — 71). [14] 
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Since for high enough molecular weights r: is very small compared with 
Tm, Hq. [14] may be approximated to give 
logy = Jog C. -Floe ra. pes) 
The form of ®y (log r) for the box distribution is represented by 
O10. <5 <p, 
Bi (om re Crag a) 
ie (Fre eT Os 


Hence, Eq. [13] may be put in the form: 


M{ 
e(log 7) = | Ce) am, [16] 
Mn 
where M,, and M, are functions of 7 defined in such a way that 
= T(Man), 
T = Tm(Mam) 17] 
r= 7(M), 


when the molecular weight dependences of 7, and 7; are expressed, re- 
spectively, as 7,,(/Z) and 7,(M). 

Differentiating Eq. [16] with respect to log 7 and arranging the resulting 
equation, we obtain 


d log &(log r) 
0 log r 


d log M |“~™? 
0 log 7 |u=m 


(log 7) = C(M)¢(M)M 5 [18] 
where CM) represents the condition that C is generally dependent on 
molecular weight. As has been noted above, 7; is very little affected by 


molecular weight, so that Eq. [18] may be approximated to give 


d log P(log r) _ ~C(Mn)o(Mn) Mn 0 log Mn 
0 log r 0 log r 
Values of C(M) may be obtained approximately from the heights of 
experimental relaxation spectra for a series of fractions in their horizontal 
zones of the rubbery region. It was found that for a series of fractions sepa- 


rated from Sample O, the C(J/) values can be fitted well by an equation 
of the form: 


(log 7) [19] 


log C(M) = 8.16 — 0.40 log M [20] 
in the molecular weight range studied. 

It was shown in the previous section that the steady-flow viscosities 
for all PVAc samples studied in this work, both fractionated and un- 
fractionated, can be well represented by Eq. [11]. We have no information 
about the isothermal steady viscosity-molecular weight relation for a 
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homologous series of ideally fractionated samples of PVAc. Since the power 
3.4 appears to be considerably intrinsic to the molecular-weight dependence 
of melt viscosities of linear high polymers, it may not be too drastic to 
assume that » for a molecularly homogeneous sample is represented in the 
form: 


logn = —a+ 3.4 log M, [21] 


where a is a molecular weight-independent parameter to be determined as 
follows. 
By substituting Eqs. [20] and [21] in Eq. [14] we obtain 


log rt, = 3.8 log M — (8.16 + a), 
which gives for the first equation of Eq. [17] 

log 7 = 3.8 log M,, — (8.16 + a). [22] 
Substitution of Eqs. [20] and [22] in Eq. [19] yields 


0 log &(log 2] 


2 
0 log r ce 


¢(M,,) = 263 x 10°,” | - 240g 1) 
If we denote by MW; the lowest molecular weight up to which this relation 
may be applied, the following equation must be satisfied from the condi- 
tion that ¢(M,,) is a normalized function: 


| Sore (M wien 2? Iu [24] 


Substituting Eq. [23] and arranging the resultant equation in terms of 
Eq. [22], there results 


s d log &(log 2] 
(0.4a—27.7) /3.8 0-4/3-8 Ls : 
2.303 - 10 Pai | &(log r) Pe 


[25] 
< dog 7) i=ule 


from which the value of a may be obtained if the value of 7; and the relaxa- 
tion spectrum & (log 7) for a given sample are known. For the samples 
of PVAc studied in this work, the value of a was chosen as 10!-? seconds 
from the data presented in Fig. 4 and the relaxation spectrum for the whole 
polymer O (shown by dashed line in Fig. 4) was substituted in Kq. [25]. 
The value of a obtained is 8.81. Once @ is evaluated in this way, it is possible 
to calculate the form of ¢(/) for Sample O by combining Kgs. [22] and 
[23]. The molecular weight distribution obtained in this way for Sample O 
is shown in Fig. 10 by solid line. The dashed line in Fig. 10 is the distribu- 
tion curve determined directly by fractionation and has been reproduced 
from Fig. 1. The agreement of both curves is quite striking, except in the 
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Fig. 10. Comparison of the molecular weight distributions for Sample O; solid 
line, from mechanical relaxation data; dashed line, from fractionation. 


region of low molecular weights, where the procedure described above may 
not be considered as reliable. Although this agreement is probably more or 
less fortuitous, considering the many assumptions involved in the calcula- 
tion, it is believed that the result is real and suggests the relaxation spec- 
trum for a given polymer in the rubbery region to depend primarily, among 
the other factors, on the weight distribution of molecular weights. 


Shift Factor and Apparent Activation Energy 


The time-temperature superposition principle or its equivalent, the 
method of reduced variables, consists of two fundamental functions, i.e., 
the relaxation spectrum (log r) and the shift factor a7. The dependence 
of mechanical behavior of a linear viscoelastic substance on time at constant 
temperature can be represented by ®, and the dependence on temperature 
is best represented by ar as a function of temperature 7’. The properties 
of & for PVAc at 75°C. over a wide range of time scale have been described 
fully in previous sections. We now in this section discuss about the behavior 
of ar of this polymer. 

It has already been mentioned that the form of a7 as a function of 
temperature is practically independent of molecular weight and molecular 
weight distribution in the range of temperatures treated in this work. 
As a typical example, the ar data for fraction FXI are presented graphically 
in Fig. 11, where the logarithm of ar is plotted against the absolute tem- 
perature 7’ (in °K.) as well as the temperature in centigrade 6 (in °C.). 
At 75°C. chosen as the reference temperature for the present: reduction 
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Fia. 11. Shift factor, a7, and apparent activation energy for relaxation processes, 
AH, functions of temperature; open circles, present data; closed circles, Williams- 
Ferry’s data. 


processes the log a7 value vanishes because a7 takes unity here. In Fig. 11 
the a7 data from Williams-Ferry’s dynamic measurements (8) are also 
shown for comparison. Where the data overlap, those from our transient 
and their dynamic experiments agree remarkably well, supporting the 
validity of the time-temperature reduction principle of mechanical be- 
havior in this temperature range. At lower temperatures the curve swings 
upward very sharply and eventually passes through an inflection point in 
the vicinity of 30°C. The overall trend of this shift factor curve is quite 
similar to those which have recently been found for many polymers both 
from transient and dynamic mechanical experiments (28). It is somewhat 
doubtful whether the shift factor data obtained from transient experi- 
ments at long time accord with those from dynamic experiments at high 
frequencies in the region below the second-order transition temperature, 
because, as has been noted before, the time-temperature superposition 
principle becomes less reliable in this region. No rigorous check on this 
point has yet been reported. 

Williams, Landel, and Ferry (29) have shown that the shift factor data 
for a number of amorphous polymers and glass-forming liquids can be 
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fitted very well, in the range —50 < T — T, < 50°K., by a “universal” 
equation of the form: 
ile 
log ar = —8.86 16-7 —T,’ [26] 
where 7’, is the reference temperature characteristic of a given system. A 
value of 349°K. was suggested for 7’, of PVAc. The ar curve calculated 
from this equation with 7, = 349°K. was found to follow our experimental 
data very closely except at temperatures below about 310°K., where the 
calculated curve deviated systematically below the observed values. To 
save the space the graph showing this comparison is not given here. 
The apparent activation energy, AH, for relaxation processes may be 
calculated from data on ar by means of the well-known equation: 


AH = 2.303 Rd log ar/d (1/T) = —2.303 RT? d log az/dT, [27] 


where FR is the gas constant. The ar curve in Fig. 11 was differentiated 
graphically at various temperatures, and the results were substituted in 
Eq. [27] to evaluate AH as a function of 7. The AH vs. T curve so obtained 
is plotted also in Fig. 11 by dashed line, where the data of Williams and 
Ferry (8) are included for comparison. In the range where both data over- 
lap, there is an excellent agreement as was the case with the shift factor 
itself. It is seen from Fig. 11 that the AH curve reaches a maximum at 
29 (+1)°C., giving a maximum energy (AH) max, of 154 keal./mole.. The 
temperature 29°C. at which the maximum activation energy appeared 
may be compared with the reported second-order transition temperatures 
(28-30°C.) for undiluted polyvinyl acetate (30, 31). 

If the temperature at which the apparent activation energy for visco- 


elastic behavior reaches a maximum is denoted by 74, we have, from 
Hg +({27); 


Gao res = —2.303 RS (d log ar/aT) Ty = Keres [28] 


The proportionality factor K is 1.71 X 10-* for the present data on PVAc. 
Tobolsky and Catsiff (2) reported that for seven polymers, including 
polyisobutylene, GR-S, butadiene-styrene copolymers, Paracril 26, and 
polymethyl methacrylate, the K values ranged from 1.51 X 107? to 2.03 X 
10°. Bueche’s (32) data on polymethyl methacrylate yield for K a value 
of 1.76 X 10-%. These results indicate that the maximum apparent activa-. 
tion energy for viscoelastic behavior of a given polymer may be calculated, 
for most practical purposes, by means of an approximate formula: 


(AH) max. (kcal./mole.) = 1.73 X 10°T?. [29] 


Practically, Pa may be taken as the second-order transition temperature 
T,, (expressed in °K.) determined dilatometrically. The factor 1.73 & 10-3 
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Fria. 12. Relations of maximum apparent activation energy and second-order 
transition temperature, Ta, for various linear high polymers: (1) polyisobutylene, 


(2) GR-S, (3) 60/40 butadiene-styrene copolymer (B-S), (4) Paracril 26, (6) 50/50 
B-S, (6) 30/70 B-S, (7) PVAc, (8) PMMA. 


was tentatively determined by plotting all available data of (AH)max. 
against 7’,” and evaluating the slope of the resulting approximate straight 
line, as shown in Fig. 12. 
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SUMMARY 


Extensive stress-relaxation data were obtained on twelve samples of 
polyvinyl acetate (including 8 fractionated, 2 roughly fractionated, and 2 
unfractionated) over a wide range of temperature from 10° to 130°C. By 
making use of the time-temperature superposition principle they were 
combined to form a composite master relaxation curve for each of the 
samples, where all data were reduced to 75°C. chosen as the reference 
temperature. The master relaxation curves so obtained all cover the 
range from glassy consistency to rubbery flow as a function of time. From 
these, the relaxation distribution functions were calculated using the 
second approximation method proposed by Ferry, and compared with that 
derived by Williams and Ferry from dynamic mechanical measurements on 
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an unfractionated sample of polyvinyl acetate. It was found that in the 
transition region where the comparison could be made, both results agreed 
quite satisfactorily, except in its upper terminal zone encompassing the 
glassy state. The real and imaginary parts of the complex dynamic modulus 
and the mechanical loss tangent were computed as functions of frequency 
for one sample from its relaxation spectrum using the well-known equa- 
tions in the theory of linear viscoelasticity. These predicted properties 
were found to agree fairly well with Williams-Ferry’s experimental data in 
the transition region, again except in its portion near the glassy con- 
sistency. From these results, the validity of the time-temperature super- 
position principle in the high-modulus portion of the transition region was 
suspected, in line with a similar conclusion drawn by Tobolsky and Catsiff 
from their stress-relaxation study on polyisobutylene. 

Steady-flow viscosities were calculated for all the samples studied from 
their relaxation spectra and found to increase with 3.4 powers of viscosity- 
average molecular weight, in agreement with the recent results on many 
other polymers. 

The shift factor which represents the temperature dependence of visco- 
elastic behavior was obtained over the temperature range studied and 
found to be practically independent of molecular weight. The shape of 
the shift factor curve thus obtained is quite similar to those for many 
other linear high polymers and agrees closely with that derived by Williams 
and Ferry for an unfractionated polyvinyl acetate sample from dynamic 
measurements in the range 50°-90°C. The apparent activation energy 
for mechanical relaxation calculated from the shift factor data increases 
sharply with decreasing temperature and passes through a maximum at 
29°C. This behavior is also entirely the same as those observed for other 
polymers. The temperature at which the apparent activation energy for 
mechanical relaxation appeared may be compared favorably with the 
second-order transition temperature determined dilatometrically on un- 
diluted polyvinyl acetate. 

Under the assumptions that the relaxation spectrum for a homogeneous 
(with respect to molecular weight) polymer in the rubbery region is repre- 
sented by the so-called box-type function and that interactions between 
polymer molecules of different chain lengths are negligible, an equation 
was derived which represents the relaxation spectrum of a given hetero- 
geneous polymer as the sum of relaxation spectra for its component polymers 
multiplied by its weight distribution of molecular weights. This equation 
was applied to the relaxation data for one unfractionated sample whose 
weight distribution of molecular weight had been determined using the 
successive fractional extraction method. It was found that the molecular 
weight distribution so derived from mechanical relaxation data is sur- 


STRESS-RELAXATION OF POLYVINYL ACETATE FILMS 229 


prisingly close to the one from fractionation data except in the region of 
low molecular weights. 
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ABSTRACT 


The efficiencies of a large number of gums and polyelectrolytes as flocculants for 
improving flocculation and filtration of phosphate slimes have been investigated. 
Such factors as the speed of rotation and the total number of rotations in the mixing 
of flocculants and slimes, and the methods of adding the flocculants are discussed. 
The method of preparing stock solutions of flocculants and the age of such stock 
solutions significantly affect the flocculating efficiency in some cases. 

All the flocculants tested produce an optimum (maximum) in flocculation and, 
hence, filtration rate within a very narrow increment of flocculant concentration. 
This behavior was previously observed with starches. 

The pertinent data for 12 commercial products (out of about 150 tested), found to 
be the most effective flocculants for phosphate slimes, are summarized. 


A. INTRODUCTION 


In this paper we shall consider the efficiency of a number of gums and 
polyelectrolytes in improving flocculation and filtration. In a later paper 
further consideration will be given to the flocculating efficiency of es- 
sentially uncharged polymer molecules, such as the polyacrylamides. 


B. FiuoccuLation Process aNp Frioc SrrucTuRE 


From previous considerations described in connection with potato 


starches (1) it seems reasonable that an effective flocculating agent must 
possess the following characteristics: 


1, The molecules must possess a structure containing certain groups 


(OH or COO-) which are physically or chemically adsorable on the surface 
of the particles. 


1 Supported by funds from Contract AT (30-1) 1189 between Columbia University 
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and 7403. 
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2. The molecules must be of sufficient length to form a “Dridge’’ between 
particles producing uniform flocs of the proper size and shape to give a 
filter cake having high porosity. 

3. The flocculating agent must be soluble in water in order to be ef- 
fective. 

4. Concentration levels of these agents required to produce the “opti- 
mum” flocculation and, hence, the optimum filtration rate must be very 
small (up to a few hundred parts per million) in order to be competitive with 
potato starch in many cases. 

In the simplest terms the effectiveness of a flocculating agent for the 
purpose of significantly improving filtration may be attributed to: 

1). Scavenging ability, ie., the ability to gather up all the primary 
particles into large flocs, leaving none to clog filters. 

2). Binding ability, i.e., the ability to maintain a porous cake structurally 
strong enough to resist the compression effect in vacuum filtration. 

The effectiveness of flocculating agents varies with concentration, com- 
position of slime solid, per cent solids, particle size, and, in some cases, 
pH, and concentration of extraneous electrolytes. Consequently, all the 
comparisons in a series were made on a given slime at a given solid content. 
Such variants as pH and extraneous electrolyte content were constant in 
a given series, usually being maintained at the values found for the original 
(untreated) slime. 


C. AGITATION AND THE Merruop oF Mixing REAGENTS; 
REPRODUCIBILITY OF RESULTS 


It has been observed that reproducible results cannot be obtained unless 
the amount of agitation and the method of adding the reagents are care- 
fully controlled. The flocculating agents must be added in accurately 
measured doses, and the mixing by agitation must be controlled, within 
certain limits, as to the number of inversions of the container (shaking is 
not advisable) and the total time in which a given number of inversions is 


made. 
1. Addition of Reagents 


The flocculating agents were added to 50-100 ml. of the slime as 0.1 
to 1% solutions in water. One milliliter of a 1% reagent solution gives a 
final concentration of 100 p.p.m. in a 100-ml. sample of slime (based upon 
total slime). If the reagent is added at one time and then mixed, the result 
is often different from that obtained when it is added dropwise and mixed 
after each addition, even if the total number of inversions of the container 
is the same in each case. The origin of this difference resides in the extent of 
adsorption of the flocculating agent in different parts of the slime. When 
all the reagent is added at once, the extent of adsorption at the top of the 
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container will be greater than that below. In any case, the flocculating 
agent must be added in the same manner each time in order to obtain 
reproducible results with a given amount and timing of agitation. 


2. Method of Mixing-Agitation 


In mixing the flocculating agent the extent of agitation must also be 
controlled in order to obtain reproducible results. In earlier experiments 
where mixing was accomplished by inverting samples in 100-ml. graduated 
cylinders while held between the hands, it was observed that the number 
of inversions and the total time in which they were performed affected the 
reproducibility of the subsidence and filtration rates.° 

The results using vacuum filtration were reproducible to within +5 % 
if a given number of inversions was performed within a given period of 
time. The number of inversions giving optimum results was 40 in 2 minutes. 
However, variation of the number of inversions between 10 and 40 in 2 
minutes was permissible in some cases leading to a variation in filtration 
rates of about 10%. The vigor with which individual operators would 
carry out the manual inversions presented a possible uncontrollable vari- 
able, and for this reason a rotating device was constructed which rotated 
the cylinders at certain speeds (r.p.m.) which were determined by gearing. 
Using this device, we were able to eliminate the variation due to the manual 
technique of different operators. 

With this mixing device using different slimes, flocculating agents, and 
solid contents, we have established that our mixing technique yields the 
reproducible filtration data illustrated in the figures. Floc size can be 
affected significantly by varying the agitation when all other factors are 
carefully controlled. This is evidenced in the filtration rates since differences 
in floc size lead to differences in the porosities of the filter cakes. The effect 
of the mechanical agitation is more dependent on the total number of 
revolutions than upon the r.p.m. for a given total number. 


3. Typical Results 


Figure 1 shows typical data on the effect of agitation on the filtration 
rate of Slime VIIT (5.5% solids) after flocculation with different types of 
agents. The data are plotted on a log-log scale in order to take in the wide 
variations in the filtration time and the number of rotations of the cylinders, 
respectively. In each case the flocculant concentration is that producing 
the optimum in the filtration rate when the cylinders are inverted manually 
40 times in 2 minutes. It is evident that the filtration of Slime VIII floccu- 
lated with Jaguar MD-4 is affected very little over a wide range of the 
number of rotations. The filtration rates with the other four flocculants 


* Also observed independently by Dr. Scott Sears of the Virginia Chemical 
Company. 
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Fig. 1. Shows a log-log plot of the time to collect 40 ml. of filtrate (50-ml. sample) 
vs. the number of rotations at 15 r.p.m. (except for potato starch (60 r.p.m.)) for 
Slime VIII with several flocculants. 

Jaguar MD4 (guar gum) is a product of Stein-Hall Company, New York, New 
York. CMS and CMD were, respectively, a carboxy methyl starch and a carboxy 
methyl dextran prepared by Drs. Beckmann and Roger at Columbia University. 
The other two flocculants used are described in the text. Slime VIII is a replica of the 
“leached zone”’ slime III described in reference 1. 


shown are more dependent upon the number of rotations. They vary by 
factors of as much as fivefold. 

The optimum number of revolutions varies with the rate of rotation, 
the composition, and amount of flocculant, the composition of the slime, 
and the per cent solids. Figure 2 shows the effect of agitation on filtration 
rate at different concentrations of Dow Separan 2610 using Slime XIII 
(5.5 % solids). The times required to collect 50 ml. of filtrate from 100 ml. 
of slime are plotted against the number of rotations of the cylinder (at 
the constant rate of 15 r.p.m.) on a log-log scale. The effect varies con- 
siderably with the flocculant concentration with an optimum at about 
250 p.p.m. The influence of agitation on the filtration rate will also be of 
great practical importance in any large-scale utilization of polymeric 
flocculating agents. At the present time each slime must be studied sepa- 
rately with each different type of flocculating agent. 

Factors such as the rate of adsorption of the flocculating agent and the 
sizes and shapes of containers may also be of significance in determining 
the effect. However, by standardizing the rate and the number of inversions 
of the container at their optimum values the results become remarkably 


reproducible. 
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Fig. 2. Shows a log-log plot of the time to collect 50 ml. of filtrate (100-ml. sample) 
vs. the number of rotations at 15 r.p.m. for Slime XIII with different concentrations 
of Dow Separan 2610 as the flocculant. Separan 2610 is a product of the Dow Chemical 
Co., Midland, Michigan. Slime XIII is a replica of the “leached zone’’ slime III 
described in reference 1. 


D. Fitrration with Various FLoccuLaTING AGENTS 


In the earlier experiments with synthetic polyelectrolytes and natural 
gums the method of mixing the agents and slimes manually was used in 
the standardized procedure (a total of 40 inversions in 2 minutes). With 
further development of this technique reproducibility of filtration data 
to within 5% was demonstrated. 

The three slimes used in the first complete study of several flocculating 
agents of the polyelectrolyte and gum types (1952-53) were supplied by 
the Virginia-Carolina Chemical Company and described as follows. 

Slime R51. A sample of slimes from the debris overflow pump at Clear 
Springs, Florida, was taken over a period of 2 days. The samples were 
screened on 200 mesh, discarding the oversize to separate out the actual 
debris from the slimes. After settling the excess water was decanted and 
the solids resuspended by agitation and bottled. 


% Solids—6.23° 
% P2Os—17.01 
% Fe.0;—5.58 
% Al,O3—8.72 
% CaO—18.56 


* All these analyses represent only acid-soluble material. 
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Slime R52. A sample of Homeland, F lorida, hydroseparator overflow 
which was sampled over two shifts each on 3 days. The material was not 
screened and may have contained some plus 200 mesh particles. This would 


be normal for slimes from the matrix. The excess water was removed as 
with Slime R51. 


% Solids—5.65® 
% P2Os—15.50 
% Fe,O;—3.40 
% AlO;—5.97 
% CaQ—22.54 


Slime R53. A sample of leached zone material from Clear Springs, Florida, 
was deslimed through a 200-mesh screen. The conditioning consisted of a 
30-minute agitation in a cylindrical container. The minus 200 mesh material 
was permitted to settle and the excess water decanted. 


% Solids—-25.30° 
% PxOs—27.04 
% Fe,O3;—3.26 
% AloOz—29.11 
% CaO—5.62 


The floeculating agents used in this series of experiments were: 

1). Lustrex 886 (now Lytron 886)—a partial calcium salt of the co- 
polymer of maleic anhydride and vinyl acetate—Monsanto Chemical 
Company. A 0.5% solution (in water) was used. 

2). Guartec—a product of General Mills, Inc. It is believed to be pri- 
marily a starch of the galactomannan type prepared from Guar flour. 
About 85% of this material is dispersible while the remainder produces a 
brown insoluble residue. Since it was difficult to disperse Guartec in water, 
1 g was first triturated with a few milliliters of 95% ethyl alcohol. This 
slurry was then poured into enough water at 95-100°C. and dispersed 
rapidly. The final dispersion was either 0.5 or 1% by weight. 

3). NOPCO (formerly National Oil Products Corp., Harrison, New 
Jersey) soil conditioners, NOPCO A, B, and C. NOPCO-B was readily 
soluble in cold water, whereas NOPCO-A and NOPCO-C dissolved very 
slowly. 

4). Potato starch—product of Goodman and Co., Long Island City, 
New York (reference to this starch was made in paper II of this series 
1). 

. = general, heating during the preparation of stock solutions of Lustrex- 
X-886 and the NOPCO compounds decreased the flocculating power of 
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Fig. 3. Vacuum filtration of Slime R-51; 100-ml. samples. Time to collect 35 ml. 
of filtrate (in seconds) vs. parts per million of flocculant (based on total slime) on 
log-log scales. The flocculating agents were used in the following form: A. Freshly 
prepared Guartec solution. B. A Guartec solution 15 days old. C. Freshly prepared 
Lustrex X-886 solution. D. A Lustrex X-886 solution 15 days old. 


SUCTION FILTRATION 
Rese 4.5% SOLIDS 


GUARTEC | 
FRESH 


GUARTEC 
ay NOPCO-A 
| HEATED 


NOPCO-A . 
UNHEATED = 


° 50 100 200 300 500 700 
AMOUNT FLOCCULANT, PPM. 


Fie. 4. Vacuum filtration of Slime R-52; 100 ml. samples. Time to collect 35 ml. 
of filtrate (in seconds) vs. parts per million of flocculant (based on total slime) on 
a log-log scale. The flocculating agents were used in the following form: A. Freshly 
prepared Guartec solution. B. A Guartec solution 15 days old. C. Freshly prepared 


Lustrex X-886 solution. D. A solution of NOPCO-A freshly prepared in the cold. 
E. A solution of NOPCO-A freshly prepared with hot water. 
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SUCTION FILTRATION 
R - 53 24% SOLIDS 


TIME TO COLLECT 35CC. FILTRATE, SECONDS 


20 
° 50 100 200 300 500 700 


AMOUNT FLOCCULANT, PPM. 


Fig. 5. Vacuum filtration of Slime R-53; 100-ml. samples. Time to collect 35 ml. of 
filtrate (in seconds) vs. parts per million of flocculant (based on total slime) on a log- 
log scale. The flocculating agents were used in the following form: A. Freshly pre- 
pared Lustrex X-886 solution. B. A solution of NOPCO-A freshly prepared in the cold. 
C. A solution of NOPCO-B freshly prepared in the cold. 


these agents. Solutions of Lustrex X-886 and Guartec deteriorated on 
standing with significant reduction in the flocculating power within a few 
days after preparation. With all these agents fresh solutions prepared in 
the cold showed the highest efficiency for a given amount of flocculant. 
Hydrolysis, lactone formation, and possibly other chemical effects are 
involved in the deterioration of the flocculating agents. 

Filtrations of the slimes were performed at a pressure difference of about 
74 cm. Hg using the technique described in paper II of this series (1). The 
times required to collect 35 ml. of filtrate are plotted against the amounts 
of flocculating agent in parts per million (based on total slime) on a log-log 
scale. Figures 3, 4, and 5 show data for slimes R51, R52, and R53, re- 
spectively, with the flocculating agents described above. 


E. Discussion 


The optima in concentration for all flocculants producing the maxima 
in filtration rate (minima in time) are well defined. The efficiency of any 
particular flocculating agent varies with the characteristics of the slime. 
For example Guartec is more efficient than Lustrex X-886 with slime R51, 
but with R52 the order is reversed. It should also be noted that the “old” 
solutions of Guartec and Lustrex X-886 are significantly less effective than 
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TABLE I 
Improvement in Filtration Rates Effected by Flocculants 
Represents 12 of the best products out of a total of 150 commercial samples 
tested. 
The Filtration Improvement Factor (F.I.F.) is the ratio of the filtration rate for a 
given flocculated slime to that of untreated slime. 
Optimum 


Flocculant F.LF. flocculant 
conc. in ppm. 


Amer. Cyanamid Co. 


Reagents S000 imate sc araniele tei athens arte eer arie 16 200 
Polyacrylamide PAM-50>. .22-. 2-2 .u-2- 0+ ee: dee 20 400 
Polyacrylamide PAIN a7 5 areca eee ieee eet reel 12 250 
Rolyacnylamicde: AM OO beer ese eee ee 50 250 
Dow Chemical Co. 

Separan 2610 se gas apverystoe ces sian mca cretol tere tl ate etek mats 70 200. 


General Aniline & Film Co. 
PVM/MA (copolymer of methyl vinyl ether and maleic 
anhydride) series 


PVM/MaA (sp. vise. 0.5-0.8) with 0.2% added CaCly........ 30 80 
PVM/MaA (sp. vise. 7.4) with 0.2% added CaCl. ........... 30 80 
A. F. Goodman & Sons 
Potatoystarch).anchs was Sree a ert ee Sore ee ee 9.3 400 
W.A. Scholten, Netherlands (agent Morningstar Nicol) 
Starchy ether: SolvitosesH4) 5. 2s.2 eee see e een i eat gee 8 800 
Monsanto Chemical Co. 
Lytron 886 (partial Ca salt of copolymer of vinyl acetate 9 30 
and male cram iy GLC.) eee eee nae ene 
Lytron 886 with 0.05% added CaCl,....................-. 50 80 
Lytron 887 (copolymer of vinyl acetate and maleic an- 
ny ride) Me.. Cn aes Seer 6, MTS ee SEA SER We 9 30 
Morningstar Nicol Co. 
613-45 (cationic starch derivative)........................ 8 1500 


the freshly prepared solutions. In the case of NOPCO-A with R52, the 
solution prepared by heating is a less effective flocculant than the one pre- 
pared in the cold. Considerable improvement in filtration rates of flocculated 
samples over those of the untreated slimes were observed. These experi- 
ments were performed in triplicate. 

. The sharp decrease in flocculating efficiency with consequent decrease 
in filtration rates for flocculant concentrations greater than the optimum 
was noted in all cases (Figs. 3, 4, and 5). Observations under the microscope 
have shown that the average floc size decreases with the higher concen- 
trations of polymeric flocculating agents. The protective action of floccu- 
lants arising from the more complete covering of the particle surfaces 
has also been observed with starches and was discussed in paper II. Our 
observations with polymeric flocculating agents have demonstrated that 
the region in which the optimum in flocculation and, hence, in filtration 
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rate occurs is usually relatively narrow. Accordingly, experiments should 
be performed using small increments of flocculating agent. 

Approximately 200 polymeric flocculating agents have been tested 
quantitatively over the past three years. The majority of these agents were 
commercially produced; the others were research samples provided by 
various companies or synthetic polymers prepared by Professor Beckmann 
and Dr. Roger of our staff. The pertinent filtration data using some of the 
commercial products tested are summarized in Table I. 

The optimum concentrations of the various flocculants which produce 
the maximum filtration rates are given with a “filtration improvement 
factor” (F.I.F.), which represents the ratio of the filtration rate at the 
optimum concentration of the flocculant to that of the untreated slime. 
The slimes used in these experiments were replicas of Slime III prepared 
from “leached zone material’”’ as described in paper II. The data for some 
of the agents prepared by Drs. Roger and Beckmann have been reported in 
part in reference 2. 

Since all the polymeric agents exhibited the same pattern of behavior, 
although often differing considerably in effectiveness as flocculants, the 
interpretation of such factors as per cent solids and particle size in relation 
to the optimum in flocculant concentrations becomes feasible. In addition, 
it has been possible to explain the variation of the filtration rate with the 
concentration of flocculant by the means of a relatively simple theory 
relating the surface action of flocculating agents to the flocculant size and 
filtration rate. These findings will be reported in later papers of this series. 
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IN MEMORIAM: 


WOLFGANG PAULI, SR. 
SEPTEMBER 11, 1869-NOVEMBER 4, 1955 


Wolfgang Pauli, Sr., one of the world’s leading colloid chemists, died 
on November 4, 1955, in Zurich, Switzerland. 

Born at Prague (at that time a city of the Austrian Empire), Pauli re- 
ceived his doctorate in medicine at the German University of his native 
city in 1892. In the same year, he published his first paper on proteins at 
the laboratory of F. Hofmeister, who together with E. Fischer is considered 
the founder of the polypeptide theory of protein structure. Pauli became 
a successful diagnostician in Vienna but gave up his medical practice to 
devote himself entirely to research. In 1922, he was named full professor 
and Director of the Institute of Medical Colloid Chemistry of the Univer- 
sity of Vienna. He left this position in 1939, when the Nazi invasion forced 
him into exile. The last 15 years of his life were spent in Zurich. 

Pauli’s long scientific career was devoted mainly to two endeavors. The 
first was the establishment of the correlation of the colloid-chemical and 
physicochemical behavior of proteins with their chemical constitution. The 
recent development of polymer chemistry, and especially the chemistry of 
polyelectrolytes, brought confirmation of many of the ideas he advanced. 
His studies on such subjects as the binding of small ions by proteins and 
its effect on optical rotation and viscosity show the breadth and depth of 
his vision. From 1917 on, Pauli devoted his main effort to the study of 
inorganic colloids. Here his thesis was that the electric charge of colloid 
particles is due to the electrolytic dissociation of complex compounds 
chemically bound to the surface. This encountered a great deal of skepti- 
cism but gradually found quite a general acceptance. In the course of his 
studies, Pauli developed many original methods. His electrophoretic ap- 
paratus (devised with Landsteiner) became the prototype of many others. 
He pioneered in the application of electrodialysis, and devised electro- 
decantation (electrophoresis-convection). The word “Gegenion” frequently 
used, even in English language publications, was coined by Pauli. 

Two of Pauli’s books have been translated into English. They are Phys- 
ical Chemistry in the Service of Medicine (translated by Martin H. Fisher), 
New York, 1907, and Colloid Chemistry of Proteins (translated by P. C. L. 
Thorne), first edition, London and Philadelphia, 1922. Two others have 
appeared in German only: Hlektrochemie der Kolloide (with I. Valko), 
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Berlin, 1929, and Kolloidchemie der Hiweisskérper (with EK. Valko), revised 
2nd edition, Dresden-Leipzig, 1933. 

Pauli was an inspiring teacher. Research workers from all parts of the 
world flocked to his laboratories, and many of his pupils gained prominence 
in science and industry. 

Wolfgang Pauli, Jr., the physicist and Nobel prize winner of 1945, is 
his son. 

W. Pauli, R. Zsigmondy, H. Freundlich, and Wo. Ostwald were considered, 
in the period between the two World Wars, the leaders of German colloid 
chemistry. Each of them created a distinct school of colloid chemistry 
and their mutual polemics, occasionally fought with a vehemence reminis- 
cent of the early history of organic chemistry, enlivened the pages of the 
Kolloid-Zeitschrift. In the closing years of his long life, Pauli, the last of 
the group, witnessed the development of modern colloid chemistry, which 
brought a synthesis of their seemingly divergent ideas and is based, to 
more than a small extent, on the contributions they made. 

Emery I. VALKOo 
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List oF SYMBOLS 


diameter of sphere. 

orbital constant. 

distance between particle centers measured along the xy-projection 
of major axis of doublet. 

velocity gradient. 

projection of major axis of a cylinder on the zy-plane. 

differential distribution supe non E- 


integral distribution funetion | p(é) dé, i.e., fraction of assembly 
0 


having modes less than £. 

axis ratio. 

equivalent ellipsoidal axis ratio. 

time. 

period of rotation about Z-axis. 

velocity components along X, Y, Z-axes. 

relative translational velocity of particle centers = d(Az)/dt. 

distance between particle centers measured along coordinate axes. 

distance between outermost points of spheres measured along vo- 
ordinate axes. 

colatitudinal and azimuthal spherical polar coordinates (Z = polar 
axis). 

spherical polar coordinates of initial point of contact in collisions of 
spheres. 

azimuthal angle (Y = polar axis). 

time variable in angular velocity plots. 

doublet life. 


INTRODUCTION 


Previous papers in this series have dealt with the rotation and interaction 
of spheres (1-3) and the rotation, interaction, and orientation of rods 


1 Conducted with financial assistance from the Defence Research Board of Canada 
DRB Grant 9510-05). 
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(1, 4) caused by laminar shear of the suspending liquid. The experiments 
were performed in a field of flow defined by wu = Gy, v = 0, w = 0, and 
the phenomena were observed along the Y-axis, i.e., across the planes of 
shear. In this paper we describe similar experiments on the rotation of rigid 
rods, and on fused and collision doublets of equal-sized rigid spheres, in 
which observations were made along the Z-axis, i.e., in the plane of shear 
of the field of motion defined above. The investigation was carried out to 
extend the earlier observations, particularly those on the behavior of 
collision doublets of spheres. 

The phenomena can be considered most conveniently with reference to 
Jeffery’s theoretical equations (5) for the periodic rotation of rigid prolate 
spheroids of axis ratio r,: 


Gt 

tan @ = r, tan eth [1A] 

2nt 
re tan Tr [1 B} 

in the spherical elliptical orbit described by 

Cr 

tan 0 = = 
oe (r.2 cos? @ + sin? ¢)! 2 

with a period 

T = 2x(r. + 1/r.)/G, [3] 


where ¢ and @ are the spherical polar coordinates shown in Fig. 1. 


lig. 1. Spherical polar coordinate system (after (1)). 
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R 
| 


In the earlier measurements ¢ and 6 could not be measured directly ; 
nstead, the orbit was followed by measuring the angle \ (Fig. 1) using the 
ollowing equation derived from [1] and [2]: 


Qrt 


taney \e=— > Sin = 
an Cr, sin z [4] 


quation [4] holds for rigid rods provided that the measured period of 
rotation and the equivalent ellipsoidal axis ratio r, (smaller than the true 
axis ratio) calculated from [3] are used (1, 4). Equation [4] applies also to 
air bubble doublets (3). 

The rate of formation, the rotational velocity, and the various lives of 

sollision doublets have been found to agree well with calculations based 
Bon rectilinear approach of the spheres up to the instant of contact when 
he doublet forms, and their subsequent rotation as a rigid dumbbell 
ecording to Eqs. [1], [2], and [38] with r, = 1, until they separate at the 
mirror image of the initial position of contact (2). These experiments sug- 
ested the possibility of true physical contact between the spheres, but 
ater experiments with doublets of spheres of different size ratios rendered 
this unlikely (3, 6). 
In the experiments reported here the variation of ¢ of the various parti- 
cles was measured directly to confirm the validity of [1]. In addition, a 
dumber of aspects of collision doublet behavior were investigated which 
were not possible by the earlier method; the observations have led to a 
modified picture of doublet behavior. 


EXPERIMENTAL Part 


A few measurements were made in the Couette double cylinder apparatus 
‘1) in which particles were observed along the Y-axis of the field of flow. 
(he rest were made in another apparatus employing the same principle but 
arranged to permit viewing along the Z-axis. Shown schematically in 
fig. 2, it consisted of two concentric stainless steel cylinders rotating in 
ppposite directions to establish laminar shear of the liquid placed in the 
annular gap between the two cylinders. The speeds of rotation, and hence 
7, were varied at will by means of two continuously and independently 
variable drives and were measured on two direct-reading tachometers. 

To permit illumination of the field in the annulus from below, and 
observation from above, the outer cylinder had a bottom and a cover of 
nlate glass. The observation microscope could be focused vertically and 
vas mounted integrally with the light source so that the two could be 
-otated through 180° about the axis of the rotating cylinders and traversed 
cross the annular gap. 

The outer cylinder had an id. of 11.995 in.; two interchangeable inner 
rylinders of 0.d. 9.017 and 10.515 in. were available, the smaller of which 
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Fie. 2. Cross-sectional view of the concentric cylinder apparatus for observa- 
tions along the Z-axis. Legend: A—camera; B—beam splitter; C—microscope; 
D—glass cover plate; H—outer cylinder; /—inner cylinder; G—bottom glass plate; 
H—apparatus mount; /—outer cylinder worm drive; J—inner cylinder worm drive; 
K—iris diaphragm; L—microscope swivel mount; M—traversing knob; N—light 
source; O—gear housing; P—inner cylinder release rod. 


was used. With this combination the velocity gradient at the stationary 
layer, where all observations were made, became (1) 


G = 0.2721 N, + 0.4815 No, [5] 


N, and N» being the speeds in r.p.m. of the inner and outer cylinders, 
respectively. 

As in previous investigations, the liquid medium used was household 
corn syrup having a viscosity of about 50 poises and a density of about 
1.3 gm./c.c.; viscosity measurements using falling spheres of various diam- 
eters indicated Newtonian behavior. To avoid “end” effects resulting 
from the drag exerted on the liquid by the bottom of the relatively shallow 
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annulus (about 2 in. deep) of the new apparatus, the suspensions were 
floated on a liquid of low viscosity; carbon tetrachloride-was chosen for 
this purpose. 

The proper functioning of the apparatus, including the absence of end 
effects, was established by measuring the periods of rotation of single glass 
spheres. Measurements over a range of values of G on particles located at 
different positions in the annulus showed an agreement with [3] for r, = 1 
within several parts per thousand. 

In most of the experiments the events were recorded photographically 
by means of a Robot Royal automatic camera mounted on the microscope. 
In this way, for example, the XY-projections of collision doublets were 
photographed for subsequent measurement without stopping the motion 
of the apparatus, as had been necessary in many of the earlier experi- 
ments (2). The time at which each exposure was made was measured from 
the play-back of a tape-recording of the audible clicks of the camera 
shutter. 

Orlon particles having various lengths cut from 2.5 denier filament were 
used as rigid cylinders. The experiments on collision doublets were made 
with glass spheres (1), screen-fractionated to yield a fraction having a 
number-average diameter of 1074 with a standard deviation of 5yu. In 
the original stock of glass spheres many cases were found where two spheres 
had become fused together (during manufacture) at the surface without 
distorting the shape of either sphere. A number of these rigid dumbbells 
in which the two spheres had the same size were selected for study. 


RESULTS 
Rigid Cylinders 

The rotation of rigid rods about the Z-axis was readily measured in the 
new apparatus using the photomicrographic technique. A typical result 
is shown in Fig. 3, where the variation of the azimuthal angle ¢ with time 
for a straight Orlon fiber is given and compared with Jeffery’s theory. A 
more sensitive test of the theory is provided by plotting tan ¢ against tan 
(2rt/T) as in Fig. 4. Both plots show excellent agreement with [1B], an 
equation which can be used to calculate the steady-state distribution of 
orientations with respect to ¢ in a suspension of rods (4). 

A further test of Jeffery’s equations was made from measurements of 
the projected length at various positions of the orbit. Let l’(¢) be the 
length of the XY-projection of the particle in the position ¢, and 6, and 6, 
the respective co-latitudes when ¢ is 7/2 and 0, corresponding to the major 
and minor axes of the spherical ellipse defined by [2]. 

The following relations are readily derived from |2]: 


tan 6, = Cr.; [6] 
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Fra. 3. The variation of ¢ with time for a rigid Orlon cylinder at G = 0.448 see.?. 


The curve is calculated from [1], using r, = 45.5 determined from [3]. 
; Peal. rei . 
S = Tee = ; ; 
sin 0, [ l’(0) (r2 = D! [ | 
V(b) Cr,/ sin 6, % 
'(r/2) (r2 cos? + sin? 6 + C?r2)! 


The orbit constant C for a particle of known r, can be calculated using 
[6] and [7] from the ratio /’(r/2)/l’(0). Figure 5 shows a comparison of 
experimental values of l/(¢)/l/(a/2) with those calculated from [8] using 
the orbit constant determined in this manner. The agreement is good. 


Rotation of Fused Doublets 


The rotation of fused doublets of equal-sized spheres was studied as a 
matter of interest and for comparison with the collision doublets. 

According to Eirich and Mark (7), the liquid contained in cavities and 
slots of a particle is immobilized and the hydrodynamic shape of such a 
particle is that contained by its outer contour. On this basis a fused doublet 
would correspond roughly to an ellipsoid of r, = 2. In this case [3] becomes 


= 
ep) 
bo! Or 


[9] 
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Fic. 4. Tan ¢ vs. tan 2rt/T for the same particle as in Fig. 3. 
The straight line is given by [8]. 


The measured periods of rotation summarized in Table I verify this 
behavior remarkably closely. 

In Fig. 6 values of tan ¢ are plotted against t/7 for a fused doublet 
rotation. In these experiments, the angles were measured visually using a 
goniometric ocular and are not as precise as the photographic measure- 
ments; nevertheless, the experimental points are in good agreement with 
the theoretical line calculated for r, = 2.00 from [1]. 


$, DEGREES 


Fria. 5. The variation of l/(@)/l'(/2) with ¢ for a rigid cylinder. Here r, = 23.4; 
C = 0.63; G@ = 0.298 sec.-!. The curve is calculated from [8]. 
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TABLE I 
Periods of Rotations of Fused Doublets 
7 No. of TG/24 
Doublet ees : easements aoe Mean dev. 
A 0.4-2.3 10 2.47 0.01 
B 0.2-1.0 9 2.50 0.08 
Mean 2.49 0.02 


Collision Doublets 


General. The behavior of collision doublets of equal-sized spheres viewed 
along the Z-axis differs in several respects from that inferred from observa- 
tions (2, 3) along the Y-axis: the collisions are not sharply defined, the 
paths of approach and recession are curvilinear, and @ and d¢/dt vary 
during the life of the doublet. 

The discontinuity in relative motion of the two spheres which appears 
along the Y-axis to be visually real at “collision” and ‘“‘separation”’ (2), and 
which was confirmed in a further series of experiments in the old Couette 
apparatus, is not observed along the Z-axis. Instead, the two spheres show 
a gradual approach until they begin to rotate as a rigid system. As before, 
separation and recession are observed as the mirror images through the 
plane x = O of the initial approach. The y-coordinate of each particle 
changes when the two are still visibly separated; thus the paths of approach 
and recession are curved. Finally, there is strong evidence that the spheres 
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Fira. 6. Rotation of a fused doublet. The straight line is calculated 
from [1] for re = 2. G@ = 0.330 sec—. 


ta 
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Fia. 7. Photomicrograph of formation and separation of collision doublet. Frames: 
1—approach of spheres; 2—apparent contact; 3—before mid-point of collision (¢ < 0); 
4—past mid-point (¢ > 0); 5—mirror-image separation; 6—recession of spheres. 


of the doublet are not in true physical contact at any time. A series of 
photographs of a collision is shown in Fig. 7. 

Angular Velocity. Visual observation suggested that during its life a 
collision doublet rotates with a variable angular velocity d¢/dt in much 
the same way as a fused doublet, 1.e., as a particle of r, = 2. Since the 
doublet exists only for a fraction of a complete rotation, 7’ could not be 
measured. Therefore [1] was written for r, = 2 in the alternative form 


tan @ = 2 tan i [10] 


It was previously suggested (2) that 7, = 1 for a collision doublet, i.e., 
d¢/dt is constant and 


Qrt 
¢= a [11] 
Figure 8 shows a plot of ¢ vs. ¥, where in this instance » = 1G/5z (the 
equivalent of t/7 for r, = 2) for five collision doublets. It is seen that the 
angular velocity is not constant but increases to a maximum at ¢ = 0 and 
then decreases, and that the experimental points follow [10] rather than [11]. 
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Fra. 8. The variation of @ with time for five different collision doublets having 
various orbit constants. The curve is calculated from [10] for re = 2, ¥ = Gt/5r. 
The straight line is calculated from [11] for r, = 1, y = t/T’. All doublets appeared 
visually to be in contact, except doublet 5. Orbit details are listed in Table IT. 


Further evidence of behavior according to [10] is provided by plotting 
tan ¢ against tan (2tG/5); this should yield a straight line passing through 
the origin and having a slope = 2. The agreement between the experimental 
points for the five collisions given in Fig. 9 and the theoretical line is 
excellent. A straight line fitted to the experimental data by the method of 
least squares yields a slope of 2.07 and an intercept of 0.0049 on the ordinate 
with a standard deviation of 0.045 from this line. 

It should be noted that in four of the doublets shown in Figs. 8 and 9, 
the particles appeared to be in contact. However, the two spheres of the 
fifth (doublet 5) could be seen to be slightly separated throughout the 
rotation. 

The erroneous conclusion of a constant d¢/dt in the earlier work (2) is 
readily explained. The value of ¢ was calculated from the measured dis- 
placements Ax and Az of the particle centers. These measurements proved 
to be very difficult to make; each pair of values was obtained visually by 
stopping the apparatus, so that inertial effects may have complicated the 
phenomena. More serious, however, was the omission of G@ from the meas- 
urements. Instead, a hypothetical period of rotation 7’ was calculated 
from the experimental values of the initial angle of contact ¢) and of the 
doublet life + using the equation derived from [11]: 


T’ = iss 12 
bo? [12] 
and the values of ¢ calculated from the coordinate measurements were 
plotted against ¥ = t/T’ to yield a straight line. When this procedure is 
followed using the data for the doublets in Vig. 8, the S-shaped curve is 
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Fig. 9. Tan ¢ vs. tan 2Gt/5 for the same five collision doublets as in Fig. 8. 
The straight line is calculated from [10]. 


expanded along the y-axis so that the initial and terminal points are made 
to lie on the straight line corresponding to r, = 1; as a result of this expan- 
sion of the time scale, the remaining points fall close to the straight line, 
particularly when go, as was the case previously (2), is small. 

When r, = 2, [2] becomes 


2C 


an @ = : >. 13 
oe (4 cos? @ + sin? ¢)? 3} 

The vertical separation of the outermost points is given by 
Az, = a(1 + cos @). [14] 


In the earlier investigation it was reported that @, and hence Az, remain 
constant during the life of a doublet. Although both quantities may be 
expected to vary, the effect is small. Values of @ can be calculated from the 
measured XY-distance of separation Ad using 


Ad = asiné@ [15] 


where a is the diameter of each sphere, from which values of C can be 
obtained by insertion in [13]. Table II gives C and the maximum and 
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TABLE II 
Doublet Orbits 
Measured values Calculated values 
Doublet oe oe 
a go (6 Os An Go Ag 
Scale div. (deg.) (deg.) Scale div. (deg.) Scale div. 

il 30.0 62 he (3 60 45.0 70 41.1 
2 28.5 51 1.48 56 44.4 63 42.0 
3 30.0 27 0.75 37 54.0 39 53.0 
4 26.5 32 2.14 65 Silo! 67 36.8 


minimum values (corresponding to ¢ = 0 and ¢o) of 6 and Az calculated 
from [13] and [14], for the four ‘‘touching” doublets previously mentioned. 
It is seen that the variation of 6 and Az; is so small that the earlier observa- 
tion that both were constant was correct within the limits of precision of 
the measurements. 

Doublet History. The continuous approach and recession of two inter- 
acting spheres is shown by a typical example in Fig. 10 giving the variation 
with time of Av/a and Ay/a, both of which can be measured directly on 
the photomicrographs. 

It is of interest to compare the observed variation of Av and Ay with 
that calculated from Jeffery’s equations. 


=40 -20 0 20 40 
t, SECONDS 


Fra. 10. Measured distance between particle centers along X — (Curve 1) and 


tS tee pee 2) axes during approach, collision, separation, and recession. G = 0.1171 
sec.—}, 
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The variation of Ax is computed as follows: 
1. Before and after interaction, the relative velocity of particle centers is 


a G-Ay. [16] 


2. During interaction, assuming that the distance between particle 
centers is a, it follows from the geometry (2) that 


raat d(Az) = d : 3 
“= eT (a sin 6 sin @). [17] 


For re = 2, [10], [13], and [17] can be combined to yield w’ explicitly as 
Wh a ie —- tan” ‘). 
5 


1 + tan? 
in? [18] 
| 6C sin’ ¢ cos ¢ cosé i ti), 
(4 cos® ¢ + sin? ¢ + 40%) (4 cos? @ + sim qyi | CO PSP 
At the mid-point of the collision, i.e., where @ = 0, [18] reduces to 
“u = : Ga sin 42. [19] 


The velocity at the mid-point calculated on the basis of the earlier 
assumption that d¢/dt and @ remain constant during the life of the doublet 
is (2) 


Y 
“= Ga sin 45 [20] 

z 
i.e., 5/8 the value given by [19]. Furthermore it was predicted, and appeared 
to be confirmed experimentally, that w’ drops discontinuously at contact, 
from G-Ay to G-Ay/2 with the reverse occurring at separation; the present 
more reliable observations indicate that wu’ is continuous throughout the 

interaction. 

Table III summarizes experimental values of wu’ at the estimated initial 


TABLE III 
Translational Velocity of Collision Doublets 


u'/a 


| = 
: fi o = do 
a G do Ay ? 
Doublet Scale div.| (sec.~) (deg) C = a 
Eq Eq ee pote Eq. Ea. 
Measured 7 ya) | imterac- | interac- 
[19] [20] tion tion [16] [18] 


6 28.0 | 0.2111 | 50 | 1.73 | 0.140 |0.139)0.087| 0.065 | 0.065 |0.068/0.063 
7 32.0 | 0.1171 | 58 | 0.86 | 0.065 |0.059/0.037) 0.035 | 0.036 |0.037/0.036 
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In this instance, however, it is close to the value 3.7 previously found for 
doublets of touching air bubbles which describe a number of rotations and 
then coalesce (3). It may be assumed that the mechanism of interaction for 
head-on collisions of both glass spheres and air bubbles is essentially the 
same, i.e., continued rotation is induced by the small u’, which is insuffi- 
cient to overcome the hydrodynamic interaction forces. In Fig. 12, ¢ is 
plotted against ¢/7' for the rotation of a second head-on collision doublet. 
Here TG/2a = 3.72, which yields r, = 3.42 from [3]. The graph shows good 
agreement between the experimental points and the curve calculated from 
[1]. Similar agreement was previously found for an air bubble doublet (3). 


DISCUSSION 


The collision mechanism can be summarized as follows: 

1. The paths of approach and recession of two interacting spheres are 
curvilinear without any discontinuity in the motion at interaction. A 
gradual transition takes place until at sufficiently small distances of separa- 
tion the doublet rotates as a rigid dumbbell having r, = 2. 

2. The doublet rotation is symmetrical about the plane x = 0 and after 
rotation each particle regains its original y- and z-coordinates. 

3. The spheres are never in true physical contact. The thickness of the 
liquid film separating them probably decreases until ¢ = 0 and then 
increases symmetrically. 

The principal discrepancy in the earlier work (2) was the acceptance of 
a discontinuity in wu’ at initial contact and separation. This apparent dis- 
continuity can be seen in the XZ- but not in the XY Y-plane. It makes inter- 
actions easy to observe and was confirmed in the course of making some 
additional measurements of collision frequency in the old apparatus. The 
effect must be attributed to an optical illusion probably caused by the 
manner in which the change in Ay is followed by the change in w’ (Fig. 10). 
As before (2), the measured collision frequencies were within the random 
statistical error of the calculated values based upon rectilinear approach. 

Mooney has stated (8), and has recently provided an analytic proof (9), 
that the paths of approach and recession are curvilinear and are mirror 
images of one another and that the spheres do not come into true physical 
contact. The experimental evidence is in agreement with these predictions. 

The rotation of fused and collision doublets, in accordance with Jeffery’s 
equations for prolate spheroids, provides evidence of the immobilization of 
liquid contained in the cavities (7). It is remarkable that in both cases, 
and for all orbits except those resulting from head-on collisions, 7, is almost 
exactly 2 even though the ends of the doublet are not ellipsoidal. 

Since d¢/dt of a collision doublet is variable, it is necessary to revise 
some of the previously stated concepts concerning the doublet life (2). 
The expressions for the doublet life, its mean and maximum values, and 


i 
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the distribution function of doublet lives were all based on the assumption 
that collision doublets rotate as though r, = 1, instead of 2. 

The equations, amended to correspond to r, = 2, are given below: 

1. During its life the doublet must rotate through the angle 24». It follows 
from [10] that the corresponding life is 


ae 5 Tan G ne i). 22] 


Below ¢o = 73° this yields a 7 less than, and above it a 7 greater than that 
COE T= 1. 

2. Assuming rectilinear approach at constant Ay, Az until ¢o is reached, 
the differential and integral distributions with respect to ¢o of collisions 
(2), taking the limits of ¢o to be 0 and 7/2, are 


p(bo)doo = sin 2dpoddy [23] 
and 
P(¢o) = sin? do. [24] 


Combining [22] and [23], we obtain for the mean life 


aw /2 
z= | r(d0) sin 24dgo 
0 


[25] 
— or 
6G" 
3. The maximum life (corresponding to ¢9 = 7/2) is 
5a 
Ube am 3G" [26] 


This is a hypothetical value only, since, as was discussed earlier, the doub- 
let from a head-on collision behaves quite differently. 
4. The integral distribution of lives is obtained by combining [22] and 


[24] to give: 
P(r) = sin” | tan(2 tan = [27] 


The relations for doublet lives corresponding to r, = 2 are given in Table V, 
and are compared with the expressions previously derived (2). A compari- 
son of P(r) is made in Fig. 13. 

It must be pointed out that the doublet lives calculated above for r, = 2 
apply only for the interval corresponding to BC in Fig. 10. Since a disturb- 
ance of Ay takes place well in advance of apparent contact, the above 
equations do not account for the entire interaction time. Furthermore [25] 
and [27] are only approximately true since the distribution with respect tc 
éo is based on rectilinear approach; for a given doublet this would yield a 
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TABLE V 
Doublet Lives 
Fae Te= 2 
4do/G 5/G[tan (1/2 tan ¢o)] 
j TN tee 
6 G 
Tmax. 21/G 5 T 
om G 
P(r) sin? (rG/4) sin? (tan [2 tan (rG/5)]) 


@ See reference (2). 


value of $» greater than is actually observed. This introduces an uncertainty 
into the values of t and P(r) which cannot be resolved at this time. 

The experimental values of 7 and P(r) previously determined (2) corre- 
spond closely to r, = 1. It is believed that this arose from the optical 
illusion of discontinuous relative motion before ¢o was attained, 1.e., at 
some reproducible time in the intervals AB and CD in Fig. 10, which 
would tend to make 7+ larger than the time interval corresponding to BC 
and given by [22]. The 7 corresponding tor, = 2 is 17 % less than for r, = 1, 
yet in the earlier measurements ((2) Table IV) there was no measurable 
influence of collisions on the mean period of rotation of single spheres. 
According to [25] the mean period of rotation of a sphere which spends a 
portion of its time in doublet form should be decreased by collisions. The 
experimental results, therefore, suggest that the mean velocity of rotation 
throughout the entire interaction, i.e., between A and D in Fig. 10, is, 
within the limits of experimental error of the earlier measurements, the 
same as that of a free sphere. 

In view of these considerations it is concluded that in calculations which 
involve the doublet life, e.g., the steady-state concentration of doublets (3), 
it is preferable to use the doublet equations based upon r, = 1. 

The distribution of orbital constants C among the collision doublets 


Ke) — 
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TG 
Fie. 13. Distribution P(r) of collision doublets. Curve 1 is calculated for a 
(2). Curve 2 is caleulated for r. = 2 from [27]. 
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TABLE VI 
Distribution of Orbital Constants for Collisions 
C PC) P(C) 
Eq. [30] (Eisenschitz assumption) 

0.00 0.000 0.000 
0.20 0.001, 0.044 
0.50 0.004; 0.170 
1.00 0.206 0.398 
1.50 0.366 0.550 
2.00 0.494 0.644 
3.00 0.650 0.752 
5.00 0.785 = 
10.00 0.903 = 

90 1.000 1.000 


can be calculated assuming rectilinear approach. Considering for con- 
venience the first octant only, the fraction of collisions in the interval 
6, ddo at 80, Po is (2) 


P(A, do)d0oddy = : sin’ 0) sin 2>pdOyddy . [28] 


Thus the fraction of collisions having orbits less than C is 


pw/[2 ,8o(d¢0) 


PIG) = | | pO, dy) dod bo, [29] 
0 v0 
where 69(¢o) is given by [13]. On integration [29] yields 


4/2 eee 2 (or : 
P(C) = | iis - cos go teh ( + 1) sin 2¢yd¢o [30] 
J0 A A 


where 
A = (8 cos’? do + 1 + 4C?). 


Equation [30] was integrated graphically for various values of C. The 
numerical values of P(C) are given in Table VI. The distribution calcu- 
lated from the Eisenschitz assumption of isotropy using methods pre- 
viously described for rigid ellipsoidal particles (4) is included in the table 
and is seen to be greater than given by [80]. 

The distribution P(C) is of importance in refined calculations of the con- 
tribution of the collision doublets to the viscosity of a suspension of spheres 
(10-12). These calculations, however, will not be attempted here. 

The interaction phenomena described here are also of interest in connec- 
tion with particle aggregation, such as flocculation of fibers and coalescence 
and coagulation in emulsions and aerosols. 
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SUMMARY 


The rotations executed by rigid rods, fused doublets of equal-sized 
spheres, and the transitory doublets formed by collision of equal-sized 
spheres suspended in a liquid subjected to laminar shear, have been studied 
by making observations along the planes of shear. In all cases there is 
excellent agreement with Jeffery’s theoretical equations for rigid prolate 
spheroids when the equivalent axis ratio r, is used. For fused and collision 
doublets, including those in which there is visible separation at all times, 
r, = 2 except for nearly head-on collisions, when r, is greater. 

Unlike the earlier observations made across the shear planes, the collisions 
are not sharply defined. The paths of approach and recession are curvilinear 
and are mirror images of one another. The relative velocities of the two 
spheres vary continuously and the disturbance occurs well in advance of 
apparent particle contact. It is concluded that the spheres of the doublet 
do not touch. Doublets resulting from the rare occurrence of nearly head-on 
collisions show distinctive behavior with the two particles forming a doub- 
let which executes a number of complete rotations. 

The collision doublet behavior differs in several respects from that found 
in the earlier observations from which it was inferred that the two spheres 
approach one another on a rectilinear path until they make apparent con- 
tact and then rotate with r, = 1 to the mirror-image position of separation. 
Equations are derived for the mean, maximum, and distribution of doublet 
lives corresponding to r, = 2. 

It is concluded, however, that for many calculations involving doublet 
life and collision frequency it is preferable to use the doublet equations 
based upon rectilinear approach and r, = 1. 

Finally, the distribution of orbit constants of collision doublets is 
calculated. 
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OBSERVATION OF PROMOTORS FOUND 
IN CONTACT CATALYSTS 


S. Yamaguchi and T. Takeuchi! 
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ABSTRACT 
It is demonstrated by means of electron diffraction at 50 kv. and at 200 kv. that the 


promotor phase (MgO or NiO) predominates over the catalyst substrate phase (Cu) 
in the surface of the contact catalyst. 


The harder electron waves (wavelength, about 0.02 A) are able to pene- 
trate the rather thick particles (1). On the other hand, the softer electrons 
(wavelength, about 0.05 A) graze the surfaces of thick particles or penetrate 
the thin crystallites composed of the light atoms. 

Powder of reduced copper combined with magnesium oxide (Mg, one 
atom %)? gave the diffraction patterns shown in Figs. 1(a) and (b). Thése 
two patterns correspond to the harder and the softer electrons (wavelengths, 
0.0505 and 0.0266 A), respectively. They were obtained from the same 
spot in the sample. In Fig. I(a), the diffraction rings characteristic of MgO 
are more intense than those of Cu. In Fig. 1(b), on the contrary, the in- 
tensities of the diffraction rings from Cu are stronger than those from 
MgO. The diffraction intensities estimated in Fig. 1(a@) and (b) are illus- 
trated in Fig. 2(a) and (b). Change of the diffraction intensity accompanied 
with that of wavelength is shown here. Iigure 3(a) is an electron micro- 
graph of the powder of the sample (driving voltage of electrons, about 
50 kv.). Figure 3(b) is a micro-diffraction pattern observed from a limited 
field in Fig. 3(a). The characteristics of Fig. 3(b) are quite similar to those 
of Fig. 1(a) with the softer electrons. 

Powder of reduced copper combined with nickel oxide (Ni, one atom %) 
gave the same diffraction patterns and micrograph as from that combined 
with MgO. It is concluded from the results here obtained that the MgO 


1Toyama University, Japan. 

2 Reduced copper catalysts combined with the promotors have been prepared by 
one of the authors (Takeuchi). An aqueous solution cont aining copper and magnesium 
(or nickel) nitrates was dried and then caleinated. The mixture of the oxides obtained 
was reduced with hydrogen at 400°C. 
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boa Cu MgO 


(a) 


LEGG 
Cu MgO Cu MgO Cu rCu MgO 
MgO 


(b) 
{ 
Fig. 1. 


(a) Diffraction pattern from Cu—Mg0O. Wavelength of electrons, 0.0505 A. 
Inten 


sities of the rings from MgO are stronger than those from Cu. Camera length, 
495 mm. Positive enlarged 2.3 times. 
(6) Diffraction pattern from the Same spot in the sample as for Fig. 1(a). 


Wavelength, 0.0266 A. Intensities of the rings of Cu are stronger than those of MgO. 
Positive enlarged 4,4 times. 
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Fic. 2. (a) and (b) Change of the diffraction intensities accompanied with that of 
wavelength of incident electrons in Fig. 1(a) and (b) 


Fic. 3. (a) Electron micrograph of powder of Cu—MgO catalyst. (b) Micro-diffraction 
pattern from a limited field in (a). 
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Electrons 


\F 


Fra. 4. Possible model of the contact catalyst with promotor. S, substrate of catalyst. 
P, promotor. 


and the NiO crystallites are situated on the surfaces of the Cu substrates 
(see Fig. 4). 
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THE ELECTROVISCOUS EFFECT IN COLLOIDAL SYSTEMS 
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Recent communications in this journal on the electroviscous effect in 
silver iodide (AgI) sols (1-4) and in emulsions (4, 5) have given rise to 
several important questions regarding the nature of the electroviscous 
effect in colloidal systems and the validity of its recent theoretical treat- 
ment by Booth (6). The present note is an attempt to answer some of 
these questions and to present a unified picture on the basis of a rein- 
terpretation of experimental results. 

The viscosity equation for a very dilute colloidal system can be written as 


Meet 25 (+f), 


where 71 is the relative viscosity extrapolated to a zero value of g, the 
volume fraction of the particles, and 2.5 is the value obtained by Einstein 
(7) for an ideal system of spherical particles; f measures the deviation 
from the ideal behavior. This may be caused by factors such as particle 
asymmetry, hydration, or the electroviscous effect in the case of charged 
colloids. The value of f obtained by Overbeek et al. for the AgI sol over a 
range of concentration of added electrolytes is 0.38-0.46. In the case of 
some oil-in-water emulsions van der Waarden obtained values in the 
range 0.04-1.0. We are concerned with the interpretation of these values. 

It is important to mention at this point that we are interested in the 
first-order electroviscous effect only. This involves particle-solvent inter- 
actions alone and not particle-particle interactions. This effect must, 
therefore, be detected and estimated only at infinite dilution of the par- 
ticles. 

In the original paper (2) and its correction (3) Overbeek et al. attribute 
the deviation of the viscosity behavior from [instein’s relation in the 
case of the AgI sol to particle asymmetry. As the revised estimates of the 
corrections calculated according to Booth’s theory are high (3), when 
reasonable values of the ¢-potential are assumed, the authors concluded 
that the theory fails for the AgI system. The electroviscous effect can be 
expressed as a power series in the ¢-potential of which the term in ¢ is 
zero and the term in ¢ has been evaluated by Booth (6). The higher 
terms are unknown at present. Overbeek et al. ascribed the discrepancy 
between theory and experiment to Booth’s neglect of the higher terms in 


267 


268 MUKERJEE 


the series. This suggests that some of the higher terms can compensate 
for the term in ¢* in such a fashion as to reduce the predicted value for 
certain values of the ¢-potential. This line of reasoning leads us to the 
extremely unlikely result of a decrease in the electroviscous effect with 
increasing values of the ¢-potential since the higher terms become pro- 
gressively more important as the value of ¢ increases. It 1s possible that 
still higher terms may exert enough influence to prevent this. But then 
one must conclude that Booth’s treatment must be extremly inadequate 
since it treats only the first term of a series, which, at best, is poorly con- 
verging. But then it becomes difficult to explain the success with which 
Booth’s theory applies to proteins (6, 8, 9), emulsions (as shown below), 
and micelles of sodium lauryl sulfate (10), for which values of f from 
(0.2 to 0.8 are predicted and experimentally verified for ¢-values of the 
order of 100 mv. 

On the other hand, the explanation of the deviations for AgI sol in terms 
of particle asymmetry is not adequate. The experimental values of f 
(0.38-0.46) require average axial ratios between 2.5 and 3 (11) if the 
particles are ellipsoids of revolution. Such axial ratios can be detected 
easily in electron micrographs. The pictures published by the authors 
(1) show no such deviation from sphericity. The authors, themselves, 
concluded from their shadowing experiment that. the particles are not 
far from spherical. We are thus forced to conclude that particle asym- 
metry cannot explain all the observed value of f, although it may make a 
small contribution, since the particles may be jagged or angular. 

A second attempt has been made to explain the behavior of AgI sol in 
terms of an ‘‘apparent volume increase”? during flow (4, 5). This idea 
originated with the work of van der Waarden with emulsions (5). It is 
suggested that this increase is due to an immobilization of the solvent 
around the particle as a result of the electric field present. van der Waarden 
discounted the possibility of any significant contribution to the factor f 
of a first-order electroviscous effect in the classical sense, as treated by 
Smoluchowsky (12), Krasney-Ergen (13), and Booth (6), on the grounds 
that the effects predicted by these theories, as calculated by Overbeek 
et al. for the AgI sol, are small (2). The revised calculations (3) are, how- 
ever, far from small and indeed, for the emulsions studied by van der 
Waarden, the electroviscous effect expected according to Booth’s theory 
is very large. This is because the electroviscous effect increases with in- 
creasing thickness of the double layer and hence decreasing electrolyte 
concentration, In the emulsions studied by van der Waarden the only 
electrolyte in the system, aside from contaminations, was in the form of 
the emulsifier, which was added as a fixed fraction of the emulsified oil. At 
infinite dilution of the latter, when this first-order electroviscous effect is 
estimated, the concentration of the electrolyte could only have been that 
present in the water as an impurity and must have been very small. 
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To illustrate further that Booth’s theory of the first-order electro- 
viscous effect can account for the experimental results sufficiently well 
we have computed the factor f according to Booth for several assumed 
values of electrolyte concentration and of ¢-potential. The emulsion 
which gave the highest value of f (0.92-1.00) and had a particle radius 
138 A. was chosen. The critical micelle concentration of this emulsifier 
in water was reported to be 0.015% (5). The maximum concentration of 
the emulsifier in the aqueous phase was probably not much higher than 
this. The probable concentration for these dilute emulsions was much 
less and previous work of van der Waarden (14) indicates that it may 
have been lower than 0.001 %. To calculate Booth’s values the equivalent 
conductivity of sodium was taken to be 50 and that of the sulfonates to 
be the same as for the lauryl sulfate ion, 21.6 (15). Since the average 
molecular weight of the sulfonates was 475 (5) as compared to 288 for 
sodium lauryl sulfate, this is probably an overestimate which lowers the 
calculated f values. 

Table I shows that for ¢-values between 75-125 mv. the Booth factor f 
can be as high as the experimental value even for relatively high con- 
centrations of emulsifier in the aqueous phase. The emulsified oil had an 
ionized monolayer on its surface and thus resembled soap micelles for 
which ¢-values of over 100 my. for about 0.01 M electrolyte concentration 
have been estimated (16). Such potentials are, therefore, not unlikely for 
the emulsions. 

It is apparent from the above that the classical electroviscous effect 
and Booth’s treatment of it can account for the maximum effects ob- 
served with emulsions under reasonable assumptions. It is, therefore, 
unnecessary to postulate any novel effect such as a volume increase during 
flow. It is also apparent that the effects are so large that a more detailed 
study of the emulsion system should be of great interest. 

In the case of the AgI sol the observed values of f are of the same order 
as predicted by Booth’s theory for reasonable values of the ¢-potential (3). 
The only reason why the observed effect has not been interpreted as an 
electroviscous effect seems to be the fact that the values of f obtained did 
not seem to decrease with electrolyte concentration as they must for an 
electroviscous effect. The experimental data, however, show wide scatter, 
especially at low concentrations of the sol. For the higher electrolyte 
concentrations [solution 6 or higher, ref. (1)] the f values show definite 


TABLE I 
The Factor f According to Booth 
Emulsifier conc. in water ¢=75 mv. ¢ = 100 mv. ¢ = 125 mv. 
0.015% 0.4 ON 1.1 
0.010% 0.4 0.8 1.2 
0.005% 0.5 0.9 1.4 
0.002% 0.7 1.2 1.8 
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and pronounced increases at low concentrations making extrapolation 
impossible. Even for solution 4 such an increase is discernible. For this 
solution, within the uncertainties estimated by the authors, it is possible 
to extrapolate so as to obtain an f value of 0.28. Because of such uncer- 
tainties coupled with the neglect of the non-Newtonian factor in the 
viscosities (1) it seems difficult to conclude definitely from the data whether 
f decreases with electrolyte concentration or not. Thus the only objection 
against the applicability of Booth’s theory for the explanation of the vis- 
cosity behavior of AgI sol is uncertain, Since the alternative explanations 
offered are unsatisfactory, we feel that Booth’s theory gives a sufficiently 
good account of the experimental results within the limits of the various 
uncertainties. 

To summarize: The experimental results for emulsions and AgI sol can 
be interpreted as a first-order electroviscous effect; the values show that 
this effect can be large; the classical interpretation of the electroviscous 
effect and its theoretical treatment by Booth account for the experimental 
data satisfactorily as in the case of proteins (8, 9) and soap micelles (10); 
and it is unnecessary to postulate or reinterpret the electroviscous effect 
as a new phenomenon involving immobilization of solvent molecules 
around the charged colloidal particles. 


This communication is based on a proposition submitted for the Ph.D. 
qualifying examination at the University of Southern California in 1954. 
The author acknowledges gratefully the help and encouragement of Pro- 
fessor Karol J. Mysels. 
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ABSTRACT 


The formation in nylon films of an absorption center at 2900 A. by the action of 
ultraviolet light is reported. The processes involved are found to be free radical in 
nature and the suggestion is made that this center is either an alkyl or acyl peroxy 
radical. The kinetics of absorption center formation have been studied using a spec- 
trophotometric technique. It is found that the peculiarities of the system are the re- 
sult of the difference in order between gaseous and radical diffusion rates in a high 
polymer. The usefulness of polychromatic light in this type of work is pointed out. 
Finally, the possibility of using nylon films as a matrix for the study of free radicals 
at room temperature is mentioned. 


INTRODUCTION 


The effects of radiation on high polymers have become a matter of 
considerable commercial importance. Much work has been carried out on 
the effects of ionizing radiation with a view to changing the physical 
properties of certain high polymers. Meanwhile, the deleterious effects of 
ultraviolet light on the weathering properties of sheets and fabrics of 
fiber-forming polymers have been a long-standing subject for industrial 
research. Although considerable success in reducing the photodegradation 
caused by sunlight has been achieved by empirical approaches, a more 
fundamental understanding of solid-state photochemistry is needed. 

The embedding of the site of quantum absorption in a solid matrix is 
likely to exert a profound effect on both the primary photochemical and 
secondary thermal processes that result from such absorption. One might 
expect the quantum efficiency of dissociation in solids to be lower than in 
liquids or in the gas phase. The primary recombination effect of Franck 
and Rabinowitch (la, b), which is a direct consequence of the interaction 
of encounter frequencies with the rates for transfer of kinetic energy in 
condensed media (in the gas phase collisions and encounters are identical), 
should be particularly effective in solids. 

From the general values for diffusion coefficients in liquids and solids, 
calculation gives the encounter duration as ~10-” sec. in liquids, and 
~10-° sec. in solids. Also Rabinowitch (2) has shown that the average 
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frequency of collisions between two reference molecules increases with 
increasing density of the medium, though not steeply. Since encounter 
duration and the primary quantum yield, ¢, should be inversely related, a 
reduction of @ by several orders of ten would appear normal for a change 
from the liquid to solid phase. 

However, what small amount of work has been done in rigid media 
(3a, b) has shown that free radicals may be quite readily formed and 
subsequently trapped for long periods. Moreover, the periods of irradiation 
necessary and the primary quantum yields in all cases so far investigated 
seem comparable to those in the liquid phase (4). It would appear, there- 
fore, that some anomalies may be expected in the rates of kinetic energy 
transfer in solids, to explain this discrepancy. Unfortunately, little can be 
said about this at the present time, as our knowledge of such energy 
transfer processes is virtually nonexistent. 

The low diffusion rates in a solid should also influence the kinetics of 
the secondary thermal processes that occur after free radical formation. 
Here, nonuniform distribution of the reaction intermediates makes it 
necessary to derive the local rate equations for an infinitesimal volume 
dV, and then integrate over the irradiated volume to derive the expression 
for the observed rate. Wilson (5) has carried out a theoretical treatment 
on a set of such cases using the Laplace transformation technique. These 
considerations should be of particular importance in high polymeric solids. 
Tor here, the radicals may be attached to the end of polymer chains, 
which should have exceedingly low rates of diffusion. On the other hand, 
the rates of gaseous diffusion in high polymers are relatively high, being 
~10* cm.” sec.”', for inert gases such as Nz, O2, and COs (6) (i.e., of 
similar order to diffusion processes in liquids). This, we shall suggest, 
may be the reason for further kinetic peculiarities. 

During the course of some work recently reported (7), it was noted that 
nylon films developed a new absorption band at 2900 A. on irradiation by 
ultraviolet light. This new band increased in intensity when the films 
were stored in the dark after irradiation and decreased again on reir- 
radiation to its value immediately prior to storage, before increasing 
further. From the presence of a dark reaction, it seemed most probable 
that this absorption center formation was controlled by free radical proc- 
esses in the solid. Accordingly, experiments on the kinetics of absorption 
center formation were undertaken in the hope that they might yield 
information on the nature of the absorption center and on free radical 
processes in high polymers. 


EXPERIMENTAL MATERIALS 


To be suitable for our purpose, a polymer must be capable of forming a 
transparent glassy film to avoid the complication of radiation scattering. 
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Experience has shown that this is best obtained using copolyamides. Thus 
films were prepared from a 10% formic acid solution of a copolymer 
consisting of nylons 6.6, 6, and 6.10, in the proportions 40:30:30, respec- 
tively. This solution was spread on a glass plate and the solvent rapidly 
evaporated off in an air oven at 90°C. In this manner clear films, ~20 u 
thick, were obtained, which could be stripped from the glass without 
damage. 


Kinetics of Absorption Center Formation 


The formation of absorption centers has been studied using the radiation 
from an unfiltered Hanovia $.250 Hg arc. Specimens were placed in a 
reproducible position, 1 foot distant from the source, inside a quartz 
vessel to prevent attack by ozone. Periods of irradiation up to 200 hours 
were used. The optical densities (O.D.) of the specimens were measured at 
various times using a Unicam SP.500. All O.D.’s were corrected for light 
scattering (by extrapolation of the transmission in the visible region 


Frq. 1. Film holder for use with Unicam SP.500. 
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where no absorption bands exist). The specimens were mounted in alu- 
minum foil holders, which were accurately placed in a special film holder 
built for use with the Unicam SP.500 (Tig. 1). 

This has been designed to place the films as near as possible to the 
photocell window so that light-scattering losses may be minimized. 


RESULTS 
Spectrum of an Irradiated Nylon Film 


Figure 2 shows the absorption spectrum of a nylon film A, before, and 
B, after, irradiation for 60 hours. Initially the film shows absorption only 
below 2400 A. owing to the singlet  — 7 and n — 7 transitions of the 
—CONH— group, which are centered around 1950 and 2100 A., re- 
spectively (11). On irradiation a new band appears around 2900 A., which 
is quite clearly resolved. There is also some increase in O.D. at shorter 
wavelengths. This may be associated with the band at 2900 A. or may be 
due to other products; at present it is impossible to decide. Spectrum C 
(Fig. 2) is of the same film after it has been stored in the dark until no 
further change in O.D. was detectable. One can see from these spectra 
that there is no suggestion of a different product’s being formed during 
storage. 


1 
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Fia. 2. Spectrum of nylon film: (A) before irradiation; (B) immediately after irra- 


diation (80 hours); (C) after storage in the dark for 24 hours after irradiation; (D) 


irradiated film after dissolving and recasting from H-COOH. 
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Fie. 3. Variation in O.D. of nylon film during periods of irradiation and storage in 
the dark. (Light on f ; Light off J ). 


Kinetics of Absorption Center Formation 


Measurements of O.D. at 2900 A. have been made at various intervals 
for irradiation periods up to 200 hours. After this the spectrum was chang- 
ing only slowly with time. Readings were made at short intervals (~5 
min.) during the periods immediately after the termination and recom- 
mencement of irradiation, because of the rapidity of the O.D. change 
over the periods. Figure 3 shows the values of O.D. at 2900 A. as a function 
of time during periods of irradiation and storage. The initial absorption at 
2900 A. is due to the ‘tail’ of the amide  — a and n — zc transitions. 

Four general features of absorption center formation may be drawn 
from the above data. 

1. Irradiation causes the formation of a new band at 2900 A. 

2. If, after irradiation, films are stored in the dark, this band increases 
in intensity with an initial rate greater than that immediately prior to 
storage. 

3. On reirradiation the band intensity falls rapidly to a value corre- 
sponding to that immediately prior to storage. 


TABLE I 
iati é AO.D.2900 A. in light 
aces von pened AO.D.2900 A. in light AO.D.2900 A. in dark Op = = sae = 
30 0.265 0.065 4.08 
60 0.365 ().095 3.84 
70 0.382 0.098 3.90 
100 0.500 0.120 4.17 


180 0.670 0.170 3.94 
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4. The increase of the band intensity during storage appears to be a 
constant fraction of its total intensity throughout the reaction, as shown 
in Table I. This behavior can be accounted for most satisfactorily in terms 
of the scheme detailed below. 


Reactions Rates 
Rg ease ictal kate 
2. Be + M—2, BM° k»[B°][M] 
8. BM? + hy; cts B° + M k,,13[BM°] 


A is the nylon substrate, B° and C° free radicals, M some molecular 
species, BM° the absorption center at 2900 A., and J; and J; the light 
intensities at frequencies y; and 3 , respectively. 

Then assuming Beer’s law: 


oe = les ei = k.[B°|[M] + Bes T,|,BM°| [1] 
and 
APM = RIBIM] — k, LBM", 2) 
adding [1] and [2] and integrating, assuming [BM°] = 0 and [B°] = 0 
at t = 0, 
[B°] + [BM°] = &.,h-t [3] 
Then 
| BM° 
dl oe = k{[MIk., J1-t — [BM°] (ko[M] + k., Is; 
4| 
ke[M] k., I ee Rite 
[BM°| hes 2 é,41 , fe (ko(M]+ke ,1.)t kolM ke. iyi 
(lolM] + kl)? | 1 AM iis at 
and 


d|BM°| —— kelM] ke, Ti ; (asia aye 
ii a = : i 7 ae he [5} 
ke[M]| ta ks, I; 
When (/2 [M] + k.,/3)t > 1, 1e., as ¢ increases, the exponential terms in 
Kgs. [4] and [5] tend to zero (rapidly if (k2M + k.,J3) >> 1) and from [5| 
d{BM°| _ ( I ) I : 
dt L ++ ke, Ts/Ie(M]/ °°" 


From [4] 


[BM?| = ( : \i ie 
Ewa I" 


FREE RADICAL REACTIONS IN NYLON 277 


Substituting [3] into [7] 
[B°| = hho (1 -( : ))s 
A sep I;/ke [M] 


[BM°} = k.[M] 
[B°} k., 1s 


therefore 


= R. [8] 


Effect of Intermittent Light 


(Here we are dealing with periods of relatively long duration, i.e., not 
of the order of the mean lifetimes of the radicals involved, when different 
kinetic effects may result (8).) 

Values of R may be determined since [BM°] is proportional to the in- 
tensity of the 2900 A. band in the light, whilst [B°] is proportional to the 
further increase in intensity of this band on storage in the dark. Values of 
R are given in Table I. The constancy we have found for FR over irradiation 
periods from 30 to 180 hours shows that for such periods we are justified 
in using the approximate Eqs. [6] and [7]. 

When the light is cut off photoreactions 1 and 3 should cease, leaving 
reaction 2 to convert the remaining B° into BM® during storage. Then 


1 [BM°*] 


ice — initially increases on cutting off the light (see Fig. 3), 
q 


ky (M] > ket and ket; > ket, because d ae | 


initially goes negative 
on reirradiation after storage. Therefore reaction 1 will be rate-limiting 
during irradiation. 
Effect of Light Intensity 
For a fixed light intensity we have found & to be constant so we may 
rewrite [6] as 


d{|BM°| 1 ) 
SESE Aye hf 2 ee epee ee 9 
dt (; + KI; ’ a) 
where 
K = k,,/ke [M| = a constant. 
hee Soe 
Thus, it may readily be seen that with /; constant —— will be linear 


eee d{[BM°*] _. 
with respect to /;. On the other hand, if /; is now constant, | a will 


be related to /; by the complex function G+ nF ahh A model showing the 


rate surface to be expected from this behavior is shown in Fig. 4. 
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Fia. 4. Solid model showing the rate surface for BM° formation with variation of 
light intensities 7; and J;. The diagonal cross section describes the condition when 
I, and J; are varied in proportion. 


Kquation [9] also predicts that the overall rate of absorption center 
formation should be a constant at a given light intensity. However, Fig. 3 
shows that the rate decreases with the period of irradiation. It is sug- 
gested that this is due to an optical “inner filter” effect as strongly ab- 
sorbing products begin to compete with A for the incident light. The 
constancy of shows that the decrease is not connected with reactions 2 
and 3. If we are to test the above kinetic scheme by varying the light 
intensity it is necessary, therefore, to assume that for given periods of 
irradiation the concentration of the species causing the ‘inner filter’’ will 
be proportional to the incident intensity, i.e., the incident energy utilized 
by the initial photolysis reaction integrated over the period of irradiation 
will be proportional to the incident intensity. Since the formation of this 
species is almost certainly dependent on the free radicals formed in re- 
action 1, this appears to be a reasonable assumption. 


he system we have to study is one in which two substances are under- 
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going simultaneous photolysis. There is a difficulty here, in that it is un- 
likely that a separation of the two reactions will be possible using mono- 
chromatic light. 

Unless the frequency difference between the two absorption processes is 
large, the ability of the dissociated particles to carry away increments of 
excess kinetic energy will result in the higher frequency radiation’s being 
active for both reactions. Also, dissociation via the higher excited states of 
the molecule which absorbs at the lower frequency may be possible. Under 
such conditions the most practical procedure is (rather than working with 
monochromatic light) to work with polychromatic light so that J; and J; 
are varied in proportion. It may readily be seen from [7] that under these 
conditions [BM°] has a complex depending on light intensity, tending to a 
lees Tq, 
KT; 
(a constant) 


limit 


-tat high light imtensities. If 7; and /; are varied so that /3/J, = w 


1 
Oe eV ee Tes 
pM (er) al 


and 


[BM°] _ —ke[BM°] 


+ 1. 
Kelyet ke, ct 


Thus for fixed periods of irradiation [BM] should show a linear de- 
pendency on [BM°]//;, which has the form of a quantum efficiency, ¢. 
This we have observed to be the case with films of nylon as is shown in 
Figs 5. 


[BM] 


0 0.02 0.04 
Relative quantum efficiency 
Fic. 5. Plot of [BM°] against [BM°]/Z. ([BM°] measured as AO.D. at 2900 A. of ir- 
radiated nylon film.) 
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Discussion 
The Nature of the Absorption Center at 2900 A. 


The presence of a “dark” reaction, together with the agreement of our 
results on light intensity variation with the proposed kinetic scheme, 
supports the view that the absorption center is free radical in nature. The 
problem is to ascertain the nature of the species M in reaction 2. 


B° + M — BM® 


From our results we know that for a fixed light intensity, R, and there- 
fore M also, is constant throughout the reaction. The possibility of M 
being another free radical is therefore removed. It remains that M is 
either the surrounding polymer matrix or some gaseous component such 
as oxygen. 

Of these two alternatives, the latter appears more promising. We know 
that the rates of gaseous diffusion in high polymers are relatively high, 
and this would be consistent with the relative rapidity of reactions 2 and 
3. In particular, if M were the polymer matrix, we should expect the 
photolytic reaction [3] to be hindered by diffusion similarly to reaction 1, 
but this is not observed. We suggest, therefore, that the absorption center 
is the peroxy radical BO,°, where B is a long-chain alkyl or acyl group. 
Such radicals may be expected to show the photoinstability necessary to 
explain reaction [3]. 

Peroxy radicals have been postulated for many years as intermediates 
in organic oxidations (9a, b), but as yet it appears that they have never 
been detected spectroscopically. The possible identification of the 2900 A. 
band with this free radical is therefore of considerable interest. 

We have attempted to confirm this assignment by carrying out the ir- 
radiation of films in a high vacuum cell to exclude oxygen. In this case a 
general increase in absorption was observed over the 2500 to 3000 A. 
region, which also showed a further increase in the dark. However, no 
clear peaking at 2900 A. was observed and the intensity did not fall on 
reirradiation after storage, as is shown in Fig. 6. We believe this general 
absorption to be due to the products of alternative free radical reactions 
that occur in the absence of oxygen, but this is being investigated further. 
Also, if the absorption center is a free radical, the 2900 A. band should 
disappear when the film is dissolved. The spectrum of an irradiated film 
that has been dissolved and recast from formic acid is shown in Fig. 2 (D). 
From this it may readily be seen that the band, apart from some general 
increase in absorption, has indeed disappeared. However, it should be 
mentioned that some finely divided gelatinous material separated out on 


dissolving, which could be associated with this band, but it seems im- 
possible to check this directly, 
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Fic. 6. Spectrum of nylon film: (A) before irradiation; (B,) immediately after 
irradiation in air (90 hours); (B2) after a further 24 hours storage in the dark; (C,) 
immediately after irradiation in a vacuum cell (90 hours, 10-3 mm. Hg with liquid N» 
trap); (C2) after a further 24 hours storage in the dark. 


It seems, therefore, that our results are consistent with the assignment 
of the 2900 A. band to a peroxy free radical, but further confirmation is 
required. To this end, an attempt is being made to detect this radical by 
electron spin resonance in cooperation with Dr. D. J. E. Ingram of South- 
ampton University. 


Diffusion Processes in High Polymers 


Our results suggest that in the case of high polymers, the diffusion 
processes involved in chemical reaction may be separated into two classes 
depending on their rates. First, gaseous diffusion processes with D ~ 
10° em.” sec. and second, polymer ‘‘chain” or ‘“‘segment’’ diffusion 
processes, which will be very much slower. The difference in order between 
these classes is probably at least 10°. Accordingly, we have shown that 
with free radical processes in such a system, “chain” or “segment” dif- 
fusion will be the rate-limiting step, the completion of gas absorption and 
evolution reactions being relatively instantaneous. This leads to a con- 
siderable simplification of the kinetics, but also, in the cases where gaseous 
equilibria are involved, to peculiar kinetic effects of the kind we have 
described above. 

Finally, we wish to suggest that nylon offers considerable promise, as 
an alternative to rigid glasses at low temperatures, for the study of free 
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radicals at room temperature. Films ~20 y thick are quite suitable for 
spectroscopic work down to 2400 A. and our results suggest that hydrogen- 
ation of the radicals by reaction with the polymer matrix does not occur 
readily. Some work has been done already in “Perspex” but here free 
radicals were detected only at 77°K. (10), presumably because of reaction 
with unpolymerized monomer. 
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ABSTRACT 


High-consistency asphalts behave, rheologically, in the complex viscoelastic 
pattern common to many macromolecular species such as synthetic plastics and 
elastomers. A correlation with accepted linear viscoelastic theory has been developed 
for the behavior pattern, under tensile test conditions, of a typical hard asphalt in 
creep, creep recovery, and stress relaxation. The same simple viscous and elastic 
moduli are found to determine these several action modes. The range and magnitude 
of discrete moduli have been determined from the empirical creep time and creep 
recovery time relations. Calculated values of stress relaxation, based on these moduli 
derived from creep and creep recovery, compare favorably with direct experiment. 


INTRODUCTION 


The prime duties of asphalt are mechanical: to transmit stresses to 
structurally stronger supporting members while maintaining itself as a 
continuous protective film impermeable to water. At any stage of chemical 
life, the actual failure of asphalt is basically a physical phenomenon, 
measurable in rheological units of stress, strain, and time. 

Asphalt, by and large, has not enjoyed the benefits of such fundamental 
rheological studies because of its relative cheapness and freedom from 
acute competition. On the other hand, intense competition among the 
synthetic plastics and elastomers has led to very fruitful studies in their 
modes of rheological responses. High-consistency asphalts resemble these 
high-polymer materials physically, and a similar rheological behavior 
might be presupposed. This rheology is complex, but the complexity is 
constructed of simpler elements working in concert. The essential speci- 
fications of these unit elements are their moduli of viscosity and of elas- 
ticity. The effective use of such concepts should lead to more realistic 
specifications and more certain matching of the mechanical capabilities 
of the asphalt to its job requirements. In view of their very extensive use 
in roads and roofs, in particular, the specific rheological behavior pattern 
of high-consistency asphalts deserves particular attention at this time. 

Asphalt is normally applied at low consistencies, obtained by use of 
volatile diluents or elevated temperatures. In this state, its flow charac- 
teristics are very nearly Newtonian and viscosity is a sufficient defining 
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constant. However, its service life is normally lived at much higher con- 
sistencies, ranging upward through millions of poises, realized on evapora- 
tion of diluent or on cooling to ambient temperatures. In this condition, a 
time-dependent elasticity becomes increasingly prominent and complicates 
the simpler viscous flow pattern predominating at low consistencies. 
Analysis of the interactions of these viscous and elastic properties is our 
immediate goal. 

Among the simpler approaches to such an analysis, the response pattern 
under tensile stressing conditions is particularly revealing. The functions 
to be resolved are: (1) creep, which is extension with time under constant 
stress, (2) creep recovery, which is retraction with time when the stress 
is removed, and (3) stress relaxation, which is the decrease with time of 
the stress required to impose a given extension and thereafter maintain 
it constant. This discussion develops the correlation of these three func- 
tions in terms of common discrete viscous and elastic moduli, and reveals 
that this typical hard and rheologically complex asphalt conforms very 
closely to linear viscoelastic theory. There is no need to ascribe peculiar 
non-Newtonian or non-Hookean viscous or elastic behavior to the unit 
rheological process postulated. 


EXPERIMENTAL METHOD 


The mechanics of measuring creep, creep recovery, and stress relaxation 
are relatively simple. For creep, a cylindrical bar of the asphalt is sub- 
jected to a constant stretching stress and the rate of elongation is meas- 
ured. For creep recovery, this stress is released after some chosen degree 
of extension and the rate of length retraction is measured. For stress re- 
laxation, some chosen degree of extension is imposed by a constant stress, 
and then the diminution with time of the stretching effort required to 
maintain this selected degree of elongation is measured. 

Basically, the tensile apparatus used was a balance beam through which 
a load on one arm was transmitted as a tensile stress to the 25 & 100 mm. 
cylindrical asphalt sample attached to the other arm and anchored to a 
fixed base. Creep was measured by the movement of the core of a Shaevitz 
differential transformer and magnified on the chart of an electronic re- 
corder. When load was removed, the same mechanism recorded creep 
recovery. At any predetermined creep, the balance beam could be made to 
contact the detector of a Statham strain gage by which stress relaxation 
of any load at a fixed strain could be measured and registered on a second 
electronic recorder. The instrumentation detected changes of about 0.5% 
of the applied stress, ranging downward from about 4 X 10° dynes/em.’, 
and of 0.2-0.3% of the absolute creep or creep recovery strains, which 
were limited to a maximum of 2.5% of the sample length. Test tempera- 
ture was 60°F 
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The particular high-consistency asphalt selected for study was one 
intermediate between the two major classifications of roofing and paving 
asphalts. It was made by conventional air blowing at 450-500°F. of a Mid- 
Continent sweet crude residuum to the following inspections: 
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EXPERIMENTAL RESULTS 


Figure 1 presents four creep curves obtained at the indicated loadings. 
Application of stress produces an immediate extension, with the rate rapid 
at first but decreasing as the action continues. The fact that these curves 
approach limiting slopes, but not limiting magnitudes, indicates an ap- 
proach, after long action, to an ultimate pattern of simple or Newtonian 
viscous flow. The earlier pattern is not one of constant rate of shear at 
constant stress. For any given duration of creep, degree of creep is di- 
rectly proportional to the applied stress. Thus, the different load curves 
coincide when the ordinate is expressed as per cent extension under unit 
stress. Such a relationship indicates that the controlling equations of 
motion in creep are linear even though not simple Newtonian. 

Figure 2 is a plot of per cent of creep strain recovered vs. creep recovery 
time after the activating stress is removed. The several creep recovery 
curves are distinguished by the indicated creep times which preceded 
creep recovery. The rate is rapid at first and then decreases as creep re- 
covery continues. The approach of these curves to limiting values under 
100 % indicates a residue of unrecoverable creep, usually called permanent 
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set. This is the greater, the longer the sample has been under load prior 
to creep recovery. The position of these recovery curves is independent of 
the magnitude of the applied stress, and, thus, of the magnitude of the 
creep strain, but is dependent on duration of creep. 

That creep recovery occurs at all denotes a type of elastic action. This 
elasticity is predominantly time-dependent rather than Hookean or 
instantaneous. Coupled with this predominating damped elasticity is a 
small but real element of Hookean elasticity. Measurement of this re- 
quires a rather more precise technique. Thus, from the transmission 
velocities of ultrasonic compression and shear waves, Young’s modulus for 
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this asphalt is calculated as being 2.5 X 10° dynes/sq. em. This corre- 
sponds to a Hookean elastic strain of 0.004, which is less than 1% of the 
total creep or creep recovery strains experimentally measured. 

Figure 3 shows three stress relaxation curves, distinguished from one 
another by the time in creep prior to the start of the relaxation action. 
Plotted as per cent retention of initial stress versus relaxation time, these 
curves are invariant with respect to the magnitude of the stress applied in 
creep, but do vary with its duration. Here, too, the rate of stress relaxa- 
tion is rapid at first, then decreases with time. These relaxation curves 
have been followed experimentally to 100,000 seconds and farther, and, 
in all cases, the limits appear to be complete stress relaxation. 


Discussion oF RESULTS 


These asphalt deformation patterns show the presence of both viscous 
and elastic effects. Though coincident with the patterns of neither a purely 
viscous Newtonian nor of a purely elastic Hookean material, they partake 
somewhat of the natures of both. 

The theory underlying such steady-state viscoelastic behavior of macro- 
molecules has been extensively developed by many investigators in recent 
years (1-4). Asphalts possess an array of macromolecular constituents, 
albeit of generally smaller dimensions than the synthetic plastics. They, 
too, may be expected to reveal a range of viscoelastic mechanisms, each 
with different response time under an applied stress. In such an array, all 
those mechanisms closely conforming to a Hookean elastic mode of action 
can be averaged or reduced to a single mechanism of some intermediate 
modulus; the same is true for all these mechanisms closely conforming to a 
Newtonian viscous mode of action. Only over restricted ranges, however, 
is it mathematically acceptable so to reduce an array of the hybrid visco- 
elastic mechanisms of the damped elastic type represented by the Kelvin 
pairs-in-parallel or the Maxwell pairs-in-series arrangements. Thus, a 
model of discrete units will usually retain a number of such reduced Kelvin 
or Maxwell mechanisms, with retardation and/or relaxation times spread 
over the action time zone of interest. By such reduction (5), the actual near 
infinite array of component viscoelastic mechanisms in the asphalt may be 
developed as a discrete few averaged mechanisms with some advantages 
in comprehension of the internal mechanics.’ The more rheologically simple 
the asphalt, and the narrower the range of action time of interest, the 


1More elegant mathematics might handle the creep, creep recovery, and stress 
relaxation phenomena as continuous functions but, in the more complex materials, 
the transforms from continuous creep to continuous relaxation functions may become 
mathematically difficult. For practical use, however, empirical continuous creep and 
relaxation functions may be employed, without the necessity of showing the relation- 
ship between the constants via the component viscous and elastic moduli (B. Gross: 


Physics Today 5, No. 8, 6 (1952)). 
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fewer such reduced mechanisms are needed for an adequate rheological 
description (6-10). For this asphalt, under the given conditions of test, 
four retarded elastic elements are required to adequately describe the 
observed performance. 

In terms of such a reduced model, with one free spring, one free dash- 
pot, and four Kelvin elements, the equations of motion in creep and in 
creep recovery are (11), 


4 
ve = 8/Go + > S/G1 — € **) + Ste/ns; [1] 
iI 
4 
VES Gee SiGe ete at [2] 
i=1 


Equation [1] defines y., the unit strain or fractional extension in creep, 
and Eq. [2] defines y.,, the unit strain or fractional retraction in creep 
recovery. In both cases, the definition is a summation of averaged mech- 
anisms. In Eq. [2], each paired mechanism is defined by a term in which 
both creep time, t., and creep-recovery time, t., , appear. Thus, the action 
pattern in creep recovery depends in part on the past history of creep. 

The first term on the right of either represents the near-instantaneous 
extension or retraction of the reduced springlike elastic mechanisms. The 
elastic modulus of this combination is Gp, and S is the applied stress. 

The second term on the right of either equation represents the damped 
elastic movements in extension or retraction of the sum of four paired-in- 
parallel elements, each of which has an individual elastic modulus, 
G,---G,, and an individual viscosity modulus, m --- ny. The ratio of 
the n to the G of each pair is its t-value and appears in the exponent of 
the Naperian e. This + has the dimension of time and is called retarda- 
tion time. 

The last term on the right of Eq. [1] represents the viscous flow of the 
reduced Newtonian dash-pot. An equivalent term does not appear in 
liq. [2] because this mechanism is inoperative in creep recovery. 

The action time for a Hookean mechanism is near instantaneous. How- 
ever, the response of the tensile tester lagged somewhat and, in effect, saw 
all movement of the first 1-2 seconds as instantaneous. For practical 
purposes, therefore, all action of 1 second or less was defined as Hookean. 
This measurable quantity determines S/G), and, at known stress, gives 
the practical free elastic modulus, Gy. The Gp will be different from and 
generally smaller than Young’s modulus, as it will include some time- 
dependent but, nevertheless, fast-acting Kelvin mechanisms. G) can be 
determined, from either creep or creep recovery, by photographic registra- 
tion of the initial strain action which is picked up on an oscilloscope. 

The +-values are time dimensional and determine the pace of the re- 
sponse of the individual Kelvin elements. Because experimental interest 
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is concerned with degree of response over some extended time range, the 
«’s may be chosen and spaced to cover this range. As the +’s occur ex- 
ponentially, it is convenient to space such arbitrarily chosen +’s in suc- 
cessive logarithmic time decades, the first covering 1-10 seconds, the 
next, 10-100 seconds, and so on. Over the experimental conditions, the 
creep curves were found to attain a reasonable approximation to linearity 
beyond the action range of 10,000-20,000 seconds. By then, the damped 
elastic mechanisms may be regarded as having substantially attained 
equilibrium deformation. Thus, four such mechanisms of four such ap- 
propriately but arbitrarily chosen +-values will reasonably approximate 
the damped elastic effects. All quantities on the right of Eq. [2] except 
Gi, G2, Gs, Gs are now fixed. By determining creep recovery strains at 
four different action times, following creep under a known stress for a 
known time, a set of four simultaneous equations results which may be 
solved for the several G’s. The corresponding viscosity moduli, mn --- n4, 
of the Kelvin pairs can then be calculated from the relation + = n/G. 

By inserting these G’s and +’s in Eq. [1] at some known creep strain 
determined at some relatively long creep time, the value of the term 
St./ns may be obtained, and, thus, the value of n;, the viscosity modulus 
of the reduced unpaired dash-pots. The moduli values found are: 
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From these moduli and Eggs. [1] and [2], one may calculate creep and 
creep recovery values under any specified conditions within the general 
range of action time of the experiments in which the moduli were deter- 
mined. Figure 4 shows such calculated creep values as circles, spotted 
along the best line experimental curves for four stress loadings. Similarly, 
in Figure 5, creep recovery values, similarly calculated, are spotted as 
circles along the best line experimental curves for four creep recoveries 
which follow creep actions of the indicated durations. 

It now remains to correlate creep and creep recovery with stress relaxa- 
tion. If the basic assumptions concerning the viscoelastic behavior of 
high-consistency asphalt are correct, then the same internal mechanisms 
must be at work in stress relaxation as in creep and creep recovery, and 
the viscous and elastic moduli controlling the latter must also control 
the former. Now, stress relaxation is mathematically a function in constant 
strain and variable stress, whereas creep and creep recovery are functions 
in constant stress and variable strain. Thus, a transformation is required 
to express the moduli of the former function in terms of those of the latter. 

In terms of our mechanical analog, the transformation involves a tran- 
sition from a pairs-in-parallel to a pairs-in-series model, since the former 
has the function form of creep and creep recovery and the latter that of 
stress relaxation. The equation defining the pairs-in-series model is (12): 


S = Ae fli + Bete! 26. 4 Be ter! [3] 


where S is the amount of stress retained in the sample after relaxing for 
t,, time. Here, the primed +’s are called relaxation times rather than re- 
tardation times but again represent the ratios of viscous to elastic moduli 
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of the paired mechanisms. Like the +’s of the pairs-in-parallel model, 
these primed +’s are also time dimensional. The +’s of the two models are 
not related in any simple one-to-one manner, but each modulus of the 
one is a function of all the moduli of the other. The coefficients A --- E 
are constants relating to the creep history of the sample prior to stress 
relaxation. These coefficients can be defined in terms of the moduli deter- 
mined in creep or creep recovery. The theory of this definition has long 
been known (13-15), but the practical application to the empirical multi- 
element mechanism, as developed above, requires some mathematical 
legerdermain (16). We will not undertake a discussion of the mechanics 
of this here, as we hope soon to devote a paper to this procedure. 
Matching of moduli between creep and creep recovery, on the one hand, 
and stress relaxation on the other for this asphalt is not entirely quanti- 
tative, but is close enough to identify the essential similarity of these two 
behavior patterns. The stress relaxation calculations are sensitive to the 
values for Go and for n; which are precisely the two creep moduli of an 
admittedly hybrid nature. Be it recalled that G) was developed as an 
approximate Hooke elastic modulus and included not only the true Hookean 
response but also all damped elastic response of action time faster than 1 
second. Also, the ns viscosity modulus was developed by including not 
only the true Newtonian viscous flow but also the action of all damped 
mechanisms of slower response than the damped elastic elements of ‘4 
retardation time. Thus, for best fit to the creep and creep recovery ac- 
tions, Gp and ns were determined here as being 6.2 X 10’ dynes/cm.’ and 
2.0 X 10” poises, respectively, whereas for best fit to the stress relaxation 
experimental data, values of 3.1 X 10’ and 1.0 X 10” for G and ns are 
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needed in the transformation function. The other eight moduli, Gi --- 14, 
require no modification. 

Figure 6 shows the agreement between calculation and experiment for 
stress relaxation. The parameters are times of creep that precede relaxa- 
tion. Continuous lines represent the best line curves of the experimental 
relaxation data and the circles represent stress relaxations calculated 
from creep moduli as described. Over this wide range of stress relaxation 
times the agreement is good. 

These findings are qualitatively in agreement with those of other in- 
vestigators cited who have reported data on asphaltic bitumens. This 
particular asphalt under the particular conditions of test shows itself as 
being rheologically more complex than heretofore reported in asphalt 
studies and requires a more complicated mechanical analog for its repre- 
sentation. It is of considerable interest to observe, however, that even 
such a behavior pattern, rheologically complex insofar as asphalts go, 
can still be described in terms of unit viscous and elastic moduli of the 
simplest form, i.e., Newtonian viscosity and Hookean elasticity. 


CONCLUSION 


These inquiries are continuing with variables of temperature, compo- 
sition, and rates of action. It is to be hoped that the results of other in- 
vestigations into the flow properties of hard asphalts will find their way 
into print. Such studies can eventually lead to preparation of asphalts of 
a much wider range of capabilities, and to technically sounder selection 
by the consumer of the best asphalt for any given service. 
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I. INTRODUCTION 


Reliable determinations of the size of colloidal spheres in a liquid medium 
from light-scattering measurements require the use of the Mie theory. 
The theoretical data (1) show that it is then necessary to know the refrac- 
tive index of the particles very accurately if its value, relative to that of the 


medium, m, is larger than about 1.05. Taking for example a particle diam- ° 


eter of two-thirds micron and an m-value of 1.20, an uncertainty in m of 
0.003 will produce an uncertainty of approximately 5% in the particle 
diameter calculated from the specific turbidity. Here, then, the refractive 
index of the scattering material should be known to four significant figures 
or better, if possible. It is advisable to take this as a standard whenever 
m > 1.05 and the particle size > 0.1 of the wavelength used in the ex- 
periments. 

Two general methods suggest themselves for a suitable accurate deter- 
mination of the refractive index: (1) The refractive index may be deter- 
mined on a macroscopic specimen of the material cast into a transparent 
film or on a powder using suitable instrumentation. (2) From refractive 
index data obtained on the disperse system, itself, the refractive index of 
the dispersed material may be derived by means of a suitable mixture rule. 
The former method, which is not always applicable, has the intrinsic weak- 
ness that it may not give the exact refractive index of the colloidal particles 
which may be affected by the possibly different optical properties of third 
substances adsorbed at the very large particle surface area. Outright 
erroneous results may be obtained on using dry macroscopic specimens if 
the particles interact with the medium of dispersion. For example, it was 
recognized at an early date that the refractive index of aqueous protein 
solutions (2) depends on the degree of hydration of the protein (3). 

The second method is, therefore, in general, preferable. However, even on 
using a suitable mixture rule, itis a priori not certain whether the refractive 


‘ This work was supported by the Office of Naval Research. 
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index of the particles derived from it is the real or only an apparent refrac- 
tive index. That it may be only an apparent quantity may be surmised 
on the basis of the following observations: Schoorl found that the coagula- 
tion of egg albumin was accompanied by a decrease in refractive index of the 
solution as well as by an increase in viscosity (4). Joshi and his co-workers 
(5) found that the refractive index of the solution of hydrophobic colloids 
changed during coagulation. They used these changes for a study of coagu- 
lation kinetics without attempting to investigate or elucidate the cause of 
the change in refractivity. Deile, Kramer, and Klause (6) similarly used 
refractive index changes as a measure of the effect of methylcellulose upon 
the stability of polystyrene latices. Their assumption was that aggregated 
polystyrene particles, formed as the coagulation progresses, are more 
opaque and consequently contribute less to the refractive index of the 
system. This assumption is obviously untenable, since polystyrene does not 
exhibit true absorption in the visible. Therefore, the minor spectral shift 
in absorption bands due to increased light scattering (7) and the simul- 
taneous change in the absorption coefficient cannot possibly account for 
the effects observed.” 

The present paper is concerned with a systematic investigation of this 
apparent effect of particle size on the refractive index of dispersed systems. 
On the basis of the results, suitable methods for evaluating the true re- 
fractive index of dispersed colloidal particles will be proposed. 


II. Mrxtrure RULES For THE DERIVATION OF THE REFRACTIVE INDEX OF 
CoLLoOIDAL PARTICLES FROM REFRACTOMETRIC MEASUREMENTS ON 
COLLOIDAL SOLUTIONS 


A. Theoretical Mixture Rules 
The theoretical mixture rules available for evaluating the refractive 
index of colloidal particles from measurements of the refractive index of the 
entire system have been given and briefly discussed in a previous paper (8). 
The following two are of interest here: (1) the Lorentz-Lorenz equation 
which applies to solutes that can be approximated by spheres. 


Ri eet! = oi(ur? = 1) ho( ue? as 1) [1] 
wie + 2 fe pe oa 2 


Here jz2, “1, and pw: are the refractive index of the disperse system, of the 
medium, and of the dispersed particles, respectively, and ¢ is the respective 


2 The work quoted, like that of many other workers, is of relatively little value 
because of the use of the Abbé refractometer. This instrument allows one to obtain 
only four significant figures for the refractive index of the solution and therefore only 
the first decimal for the refractive index of the particles themselves—unless high 
concentrations are used which, however, jeopardize the validity of the rule of addi- 
tivity of the refractive indices of particles and medium. 
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volume fraction. The more general case of solutes of any shape was subse- 
quently treated by Wiener (9). The field considered in the derivation of 
these equations is electrostatic so that one would expect neither to hold 
satisfactorily in the case of pronounced light scattering by the solute. In 
fact, an attempt to use Wiener’s mixture rule in order to obtain information 
on the shape of nonspherical colloidal particles led to negative results 
(10). (2) A new mixture rule implicitly based upon the electromagnetic 
theory of light, is the following (8, 11) 


re we + 2bu?(mi2 — bu) [2] 
1 es b(u2 Pa ba) 


where b = (28) ¢2. It may also be written as follows (12): 


ee 
m + 2 


[2a] 

C2! 2p2 
where Au = (yu — p1), C2’ is the concentration of the colloidal particles in 
g./cc., M = ps/j1, and p2is the density of the particles. Since the derivation 
of Eq. [2] made use of the Debye equation of light scattering (13), it was 
certain that the former would share the limitations of the latter equation. 
Thus, validity of Eq. [2] requires the particle size to be small relative to 
the wavelength used in the refractive index measurements. In addition, the 
refractive index of the particles should differ only shghtly from that of the 
medium. An attempt was made to partially remove the latter limitation by 
establishing an empirical correction equation (8), 


eee. M2 
me" ~ 0.093 (ua — wn) 1? 3] 
where y2 is the value derived from Eq. [2]. 

After the present work had been completed an interesting paper by Zimm 
and Dandliker (12) appeared which made it possible to obtain a theoretical 
mixture rule also based upon the electromagnetic theory of light (14), 
which does not have the limitations specified for Eq. [2]. This new mixture 
rule will be considered briefly at the end of this paper. Its application to 
the systems investigated here has been discussed more fully elsewhere (14). 


B. Empirical Mixture Rule 


Most, generally used in the past was the following empirical mixture rule 
which simply states that the refractive index of a solution varies linearly 
with solute concentration (15). 


Mie = Midi + bode = ba — do(ui — pe) [4] 


There is no doubt that this mixture rule holds at sufficiently small con- 
centrations as long as neither the particle size nor the degree of solvation— 
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in the case of solvated particles—changes with concentration. The basic 
prerequisite for validity of Eq. [4], volume additivity, was in fact proved 
rather recently (16) for systems like those investigated below. Neverthe- 
less, as stated above, it is not certain whether the 2 as derived from Kq. 
[4] is the true or only an apparent refractive index. In the latter case, 


Miz = Midi + pode, [4a] 


where yo’ is an apparent quantity. 

If wo’ ¥ we. and if pw.’ should, in fact, vary with the size of nonsolvated 
particles, only complications arising from light scattering and/or surface 
adsorption could be responsible. Refractive index measurements represent, 
in the final analysis, measurements of the phase difference between the 
light traversing the disperse system or solution and that traversing the 
medium only. This phase difference may be different in the presence of 
light scattering, more so the stronger the scattering in the forward direction. 

The question as to whether or not the particle size—on account of 
light scattering—affects the refractive index of colloidal particles can be 
answered by determining by means of Eq. [4a] the refractive index of 
nonsolvated particles, in monodisperse colloidal systems of systematically 
varied particle sizes. Extrapolation to zero particle size, that is to zero 
light scattering, should then yield the true refractive index, p2,3—needed 
in connection with particle size determinations from light-scattering 
measurements—if there is reasonable assurance that the size is the only 
pertinent variable. 


III. Tue Systems INVESTIGATED 


Dow polystyrene and polyvinyltoluene’ latices were the systems investi- 
gated. Light-scattering data for several of these latices were also obtained 
in this laboratory (17). The original latices contained 30-50% solids, 
necessitating extensive dilution for the measurements of the refractive 
index. For that purpose, a small amount of latex was diluted to about 0.5— 
1.0% solids with freshly prepared double distilled water. The diluted latex 
was then centrifuged at about 350 g’s for 4 hour to remove any agglom- 
erates that might have been present. One hundred milliliters of the super- 
natant suspension were pipetted into a glass-stoppered pyrex flask. Its 
polymer concentration was determined by accurately weighing out (to 0.1 
mg.) one or generally two 30-g. samples, evaporating them to dryness in a 


’ Extrapolation to zero scattering can, of course, be accomplished aiso by system- 
atically varying the refractive index of the medium. Application of this alternate 


method is under preparation. é 
4 The latex samples were generously supplied by Dr. J.W. Vanderhoff of the Dow 


Chemical Company of Midland, Michigan. 
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partial vacuum at 80°C., and then weighing the dried solids.’ The concen- 
tration of the remainder of the centrifuged latex was reduced by two orders 
of magnitude by two successive volumetric dilutions. Five to seven samples 
of varied concentration were thus obtained. These samples were kept in 
pyrex glassware which had been carefully cleaned and subsequently 
steamed out for several minutes. All measurements were made on the 
samples within a period of one week after their preparation. 


IV. Tue Meruop or RerracrivE INpDpBx MEASUREMENTS 
A. Theoretical Remarks 


As stated in section I, the refractive index of the colloidal particles should 
be known to four figures. This defines both the experimental method 
to be used and the precautions to be taken. From Eq. [4a] it follows on 
rearrangement that: 


Au = we — pa = (ue — pw) de. [4b] 


Using water at 25°C. and the green Hg-line, 5460.73 A., (u2’ — 1) has 
the value of 0.2668 if m = 1.20 (this m-value comes closest to that per- 
tinent to the systems used). Consequently, 


(ui2 — w1)/¢2 = 0.2668 


In order to obtain four figures for py’, the third decimal of this number 
should be significant. The volume fraction that can be used—at.inter- 
mediate particle sizes (diameter, D: 400 mu)—at the given m-value with- 
out serious blurring of the optical field irrespective of the instrument used, 
is 1 X 10-4 on using a 1 cm. cell, or 1 X 10-* on using a layer thickness of 
1 mm., the latter representing about the limit of experimentally useful 
layer thicknesses. The refractive index of the solutions would therefore have 
to be measurable to the seventh decimal in order to fulfill the theoretical 
precision requirement. This excludes at once the use of any but differential 
instruments. The only instruments to be considered for the present purpose 
are either a differential refractometer modified for better than average 
precision or an interferometer. An interferometer, of the Haber-Loewe 
type, was used for the present work. The setting of the compensator plates 
was adjusted so that a path difference, I’, of 31 A. (a phase difference of 2°) 
could be measured corresponding to a compensator drum reading of +0.25 
units. Since the refractive index difference measured by the instrument 


Au = py — wm = T/d [5] 
(d is the optical path in centimeters), a Au-value with an uncertainty of 
5 The nonpolymeric percentage of the dried solids was negligible as verified by 


centrifuging out the polymer from a latex and evaporating the supernatant liquid 
to dryness and weighing. 


EXPERIMENTS ON REFRACTIVE INDEX OF COLLOIDAL PARTICLES 299 


only +3 X 10-7 is obtained. Using a 1-cm. cell and the upper limiting 
volume fraction, defined above for D = 400 mu, the largest measurable 
path difference was 2000 A. Since the value of ¢: is known to four significant 
figures, us’ is obtained from Eq. [4b] with an uncertainty of +2.3 X 10-36 (19). 
The upper limiting ¢-value is, of course, dependent on the particle size. 
Therefore, the yu:’-values obtained for particles with a diameter > 400 
mp may be as much as ten times less precise. Conversely it is possible 
to obtain four to five significant figures for particles with a diameter < 
400 my provided the concentrations used remain within the range of validity 
of Kq. [4a]. The number of significant figures to be expected for js’ (and 
for m derived from it) applies, as stated, to the use of the highest concen- 
tration applicable. The decrease in the number of significant figures with 
the decrease in concentration is, however, of relatively minor significance, 
since, as described below, ue’-values are derived from measurements of 
Au at a series of concentrations, i.e., from straight lines which go through 
the origin of Ay (c)-plots. 


B. Experimental Procedure 


The interferometer furnishes the phase or path difference between two 
coherent components of a light beam which traverse separately the two 
compartments of a twin cell. One component traversed in our case the 
latex and the other water, which could be used as the reference liquid in 
place of the latex serum without risking any error of consequence, as 
verified by experiments. 


The experiments for the determination of Au—by means of a 1-cm. twin cell—were 
all carried out at room temperature (23° + 2° C). The data obtained apply to the 
green Hg-line, 5460.73, for which the instrument had been calibrated by means of a 
suitable interference filter. The calibration followed the conventional technique of 
correlating © and f;, where f; represents the displacement, by 7 fringes, of the variable 
interference pattern with respect to the stationary pattern (I = 7c, where Ao is the 
vacuum wavelength of the light used.) The calibration was carried out for the first 5 
fringes and for two twin l-cm. cells filled with fresh double distilled water.’ The range 
experimentally used was generally limited to drum readings corresponding to the dis- 
placement of less than one fringe. 


The Au-values thus obtained were determined, on the average, for slx 
systematically varied concentrations of a given latex. On plotting Ay vs. 
¢2, the slope would immediately yield ys’ — 1. Practically, it is more con- 
venient to plot Au vs. c: where c; is the weight fraction of the polymer. In 


6 The uncertainty in p2 needed for the calculation of m is roughly ten times smaller 


(see ref. 19). 
7 The effective layer thickness of the two l-cm. twin cells used in the experiments 


differed very slightly resulting in slightly different calibration factors. This difference 
was taken into account. 
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Fic. 1. Variation, with concentration, of the refractive index of polyvinyltoluene | 
latex, relative to water. 


view of the low concentrations used and the closeness of the pi- and po- 
values (19), pix/p: & 1, so that 


bs’ = (Au/c2) (p2/p1) + m1. [4c] 


A few numerical checks showed that the error incurred in using Eq. 
(4c) was smaller than the overall error in ps’. The slopes of the Au vs. ce 
plots were determined as accurately as possible by using the method of 
least mean squares. Representative plots are given in Fig. 1. A compilation 
of the slopes for all the different polystyrene and polyvinyltoluene particle 
sizes can be found in Table I.8 From these slopes the value of us’ is obtained 
on inserting for p2/p; the value of 1.0600 and 1.0288 for polystyrene and 


* This table allows for a quick approximate determination of the quantitative effect 
which a given amount of polymer of a particular particle size exerts on the refractive 
index of water. It is thus apparent that a latex must have a minimum concentration 
of 4 mg. per ml. in order to affect the third decimal place of the refractive index of 
water assuming Au/co = 0.25 and pi. > 1.0. Similarly, it is seen at once that the 


interferometer, as used here, was capable of detecting a change in polymer concen- 
tration as small as 1 mg. per liter latex. 


EXPERIMENTS ON REFRACTIVE INDEX OF COLLOIDAL PARTICLES 301 


TABLE I 


The Refractive Index Increment, Per Unit Weight Concentration, in Latices and Its 
Variation with Particle Size 


D (mp) An/c2 
Polystyrene 

132 0.2457 
135 0.2470 
238 0.2585 
240 0.2578 
249 0.2455 
268 0.2560 
271 0.2587 
280 0.2684 
295 0.2387 
514 0.2264 
814 0.1244 
953 0.1134 

Polyvinyltoluene 

46 0.2571 
163 OnZ3o0 
304 0.2371 
381 0.2509 
620 0.2059 
824 0.1422 
1158 0.0763 


polyvinyltoluene, respectively, the values of p2 having been secured by 
density determinations on the same systems (19). 


IV. Resuutts AnD DIscussION 


The apparent refractive indices of the colloidal polyvinyltoluene and 
polystyrene spheres—as determined from Eq. [4c]—are given in Tables IT 
and III and plotted against the particle diameter in Figs. 2a and 2b. The 
results show that the value of u2’ decreases very strongly with increasing 
particle size if the particle diameter is in excess of approximately 400 mu. 
A systematic change at lower diameters is not apparent from the data. 

A decrease in ps2’ with increasing particle size is obtained also on using 
other mixture rules as shown in Table IV. The decrease is only slightly 
different on using Eq. [2] but very different on using the Lorentz-Lorenz 
Eq. [1]. In the latter case, the limiting values at very small diameters are 
unreasonably small, adding another argument to the contention that this 
equation is not applicable to colloidal solutions. A 

The practical independence of p2’ of particle size—within the lower range 
of particle sizes—suggests that the mean of the values within this range is 
essentially equivalent to the refractive index expected at vanishingly small 


particle size, (u2’)o- 
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TABLE II 
The Apparent Refractive Index of Colloidal Polystyrene Spheres 


% Deviation from 


D (mz) pe! value at D = 0 
0) (1.602; -+- .0082)? = 
132 1.5944 —0.48 
135 1.595s —0.39 
238 1.6075 +0.36 
240 1.6072 +0.32 
249 1.594. —0.49 
268 1.6054 +0.21 
271 1.6082 +0.38 
280 1.6185 +1.02 
295 1.5875 —0.95 
514 1.5735 —1.77 
814 1.465, —8.51 
953 1.454, —9.24 


« Average, and mean deviation from it, of all values for particles with diameters 
< 295 my; standard deviation: « = 0.0092. 


TABLE III 
The Apparent Refractive Index of Colloidal Polyvinyltoluene Spheres 


% Deviation from 


D (mz) pe! é value at D = 0 
0 (1.586; + .009;:)¢ = 

46 1.5985 +0.77 
163 1.5765 —0.62 
304 1.5775 —0.53 
381 1.592; +0.37 
620 1.545g —2.55 
824 1.480; —6.68 
1158 1.412; —10.96 


¢ Average, and mean deviation from it, of all values for particles with diameters 
< 381 my; standard deviation: « = 0.0093. 


These (s2’)o-values of polystyrene are not identical with those of 
obtained from direct measurements on a thin film of the bulk polymer (18). 
The comparison in Table V shows that the bulk data differ by approxi- 
mately 0.3%, which is definitely, although only slightly, outside the limits 
of error of (s’)o. This small difference—the bulk values being slightly 
lower—may be accounted for by the effect of a surface film of stabilizer ad- 
sorbed on the latex particles which is bound to affect both their density (19) 
and refractive index. The agreement between (u2’)o and the bulk value is 
far better in the case of polyvinyltoluene. This comparison carries, however, 
far less weight, since it is uncertain whether the para/ortho ratio of colloid 
and bulk—originating from different batches—was really the same. It is 
clear, however, from these comparisons that the bulk values may be used 
in the case of strongly hydrophobic particles dispersed in water, if uncer- 
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{a} POLYSTYRENE 


(b) POLY VINYLTOLUENE 


100 200 300 400 500 600 700 600 900 1000 1100 
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Fig. 2. Variation of the apparent refractive index p2 with particle diameter. 


TABLE IV 


The Apparent Refractive Index of Colloidal Polyvinyltoluene Spheres as Calculated 
from Various Theoretical and Empirical Equations 


Dmp (12) [4c] (u2') 19) (#2!) 19) 
46 1.598; 1.449, 1.6102 
163 1.576; 1.422, 1.586, 
304 1.577, 1.424; 1.5875 
381 1.592; 1.442; 1.6032 
620 1, 545s 1.3860 1.5530 
824 1.4803 1.3110 1.483; 
1158 1.412; 1.233, 1.4184 


Numbers in square brackets refer to equation used for calculating p.’. 


tainties not exceeding 5-10% can be tolerated in particle size determina- 
tions from light scattering. 

On using the value of (u2’)o, for calculating the size of the polystyrene 
particles—ranging in diameter from 45 to 814 my—from the specific 
turbidity, on the basis of Mie theory, a most satisfactory agreement was 
found, for the entire colloidal range, with those obtained from electron 
microscopy (17).° In the case of polyvinyltoluene good agreement was 
reached on allowing for a possible error in (u2’)o of 0.25% for diameters 
ranging from 120 to 824 my. This seems to remove any doubt that the (u2’)o- 
values represent, in fact, the true refractive index ye of the respective 
polymers irrespective of particle size. This index includes the contribution 


9 Insertion of re values obtained at very large particle sizes, on the other hand, led 
to particle sizes far too small. The variation of the latter deviations with further i in- 
crease in particle size reflected very well the variation of the deviation of the y2-values 


from the extrapolated pz-value, i.e., from (u2)o. 
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TABLE V 
Comparison of Results for Colloidal and for Bulk Polymer 
(5461 A.) 
Bulk polymer Marg eee 
pe (20°C.) (u2")o (25°C.) 
Polystyrene 1.59642 1.602; 
Polyvinyltoluene 1.5852? 1.5863 


« Data recalculated for 5461 A. from Cauchy’s dispersion formula (18). 

’ Based on values of 1.5831 for pure meta and 1.5766 for pure para polyvinyl- 
toluene and taking into account that the polymer in the latices probably contained 
65% meta and 35% para vinyltoluene units. 


of the surface layer. Absence of a systematic change of ps’ with particle 


size below D ~ 400 my indicates that the change of this contribution, 
with D, is less than the experimental error. 

Regarding the decline of yw’ with increasing D, at D values > 400 mu, 
changes in the relative contribution of the surface layer to the refractive 
index cannot account for it in view of the absence of a detectable effect at 
smaller diameters where it should be more pronounced. The decline is so 
strong that systematic changes in molecular weight or polymer structure, 
with D, too extensive to be likely, would have to be assumed if such an 
alternate explanation were to be attempted. The magnitude of a decline 
in pe’ of this origin should be less and certainly could not exceed the very 
small and almost negligible decline of p, with increasing D, found for the 
same samples (19). Nevertheless, it appeared desirable to provide an inde- 
pendent check of this variation of yu’ with D excluding interference of the 
latter two variables. 'To this effect, a very dilute polyvinyltoluene latex, 
containing particles with a diameter of 47 mu, was allowed to coagulate 
slowly in an interferometer cell by adding a small amount of NaCl as 
coagulating agent. This experiment actually duplicated, on a more quan- 
titative basis, that carried out by Deile, Kramer, and Klause on concen- 
trated systems using an Abbé refractometer (6). The coagulating system 
was completely homogenized, by gentle agitation, just prior to each meas- 
urement. A decrease in the measured refractive index of the colloidal system, 
amounting to seven units in the sixth decimal, was observed during the 
increase in average particle size to more than 0.5 micron, by aggregation 
rather than by particle growth. The results shown in Fig. 3 give the changes 
of refractive index of the colloidal solution, relative to water, as a function 
of the time elapsed since addition of the coagulating electrolyte. Since the 
concentration remained sufficiently constant," the curve reflects the be- 


. ity This also shows that highly precise interferometric measurements are necessary 
in this type of work. 


" Evaporation of water from the interferometer cell, covered with a tightly fitting 
glass plate, could not be avoided over the 5-day period. The resulting error in the 


EXPERIMENTS ON REFRACTIVE INDEX OF COLLOIDAL PARTICLES 305 


20 40 60 80 100 
t (HRS.) 


Fre. 3. Variation of the relative refractive index of a polyvinyltoluene latex with 
the progress of a very slow aggregation of the colloidal spheres. (D = 47 my). Coag- 
ulant: NaCl. ¢: time after adding electrolyte. 7’: 23° + 2°C. Reference liquid: water. 
The ordinate represents the refractive index difference in excess of that found at ¢ = 0. 


havior of ys’ also. The latter varied from an initial value of 1.599 to a final 
value of 1.474.” 


The detailed features of the curve in Fig. 3 are of some interest. First of all, there 
appears to be a slight increase in the refractive index in the early stages of the growth 
of the particles by aggregation (dotted part of the curve). The increase observed is, 
however, not sufficiently far outside of the range of experimental error to be more 
than probable. After a sufficient period of time (approximately 100 hours in the exam- 
ple illustrated) the rate at which ae decreases with increasing particle size seems to 
decline appreciably. This again is only probable and not certain, since the experiment 


was not extended beyond a period of 5 days. 


The preceding experiments and their discussion show conclusively that 
the apparent refractive index of polymer spheres varies both with their 
size and on aggregation and that no nonoptical change can account for this 
optical change, particularly not in the latter instance. The increase in 
light scattering with particle size is, therefore, the only conceivable simul- 
taneous, optical, variable which could be the cause of the change in p,2’. 

Upon conclusion of the experiments reported here, a very interesting 
paper by Zimm and Dandliker (12) appeared concerning the quantitative 


quantitative data is not of importance for the present purpose, since in its absence 
the decrease in Au with time would have been even more pronounced. 

12 A yery definite increase in turbidity was noted 40 hours after the addition of the 
electrolyte and the actual formation of discrete flocs set in after about 63 hours. 
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TABLE VI 
True Refractive Index of Polystyrene Spheres as Derived from a New Mixture Rule 

Polystyrene 

No. D (mp) B2 

1 135 1.586 

2 249 (238) 1.58; 

3 238 (249) 1.59, 

4 271 1.59; 

5 514 1.59; 


« Electron microscope samples 2 and 3 seem to have been inverted. The probably 
correct diameters are given in brackets. 


effect of light scattering on the refractive index of colloidal particles. A new 
mixture rule was derived on the basis of the equation given by Zimm and 
Dandliker (14). General features of the y2’ versus D curve as established 
theoretically on the basis of the new mixture rule are remarkably similar 
to the curves given in Figs. 2a, 2b, and 3. By means of a graphical inter- 
polation method—also described elsewhere (14)—it became possible to 
calculate the true refractive index, u2, from the p.’-data reported here in 
conjunction with the turbidity data obtained on the same samples (17). 
These 2-values are given in Table VI for polystyrene. It is seen from this 
table that the true refractive index of the polymer spheres, 1.e., the refrac- 
tive index obtained on excluding the contribution of light scattering, is, as 
expected, independent of particle size. The agreement of the various 
ue-values pertinent to widely different particle diameters must be con- 
sidered as remarkably good since the results are affected by the combined 
uncertainties inherent in interferometric, light-scattering, and density 
measurements, in concentration determinations, and in the application of 
the graphical method employed for the derivation of us. On averaging the 
w2-values of Table VI one obtains 1.59; for polystyrene (complete poly- 
vinyltoluene data not being available). This value agrees within better 
than 1% with the (us’)o given in Table II, which must be considered as 
very satisfactory. Obviously, the new graphical method for obtaining pe 
from pe’, with the aid of turbidity data, is less accurate than the extra- 
polation method described here. It has, on the other hand, the advantage 
that 2’ needs to be determined only on a single system. 


SUMMARY 


Interferometric measurements on a series of monodisperse polyvinyl- 
toluene and polystyrene latices of systematically varied particle size show 
that the refractive index of colloidal particles derived from experiment by 
means of mixture rules is an apparent quantity. It decreases with increasing 
particle size, and also with increasing aggregation, at constant size of the 
primary particles. It is shown that this effect can be caused only by the 
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effect of hght scattering upon the experimentally measured quantities. An 
experimental extrapolation method is described by means of which the 
true refractive index of the colloidal particles can be obtained. The latter is 
independent of particle size. 


_ 
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ABSTRACT 


The complex shear compliance of a polyurethane elastomer has been measured in 
the transition region from rubbery to glasslike properties with a Fitzgerald trans- 
ducer. Values for the real and imaginary components of the complex shear compliance 
J’ and J” are reported over a frequency range of 45 to 6000 cycles/sec. and a tempera- 
ture range of —16 to 39°C. Composite curves of J’ and J” reduced to a standard 
temperature were obtained by the method of reduced variables. The temperature 
shift factors followed the WLF equation. The data do not extend to high enough 
reduced frequencies to approach the glassy compliance, but at low frequencies the 
dynamic compliance is essentially equal to the equilibrium rubbery value. The loss 
tangent J”/J’ passes through an extremely broad maximum with increasing fre- 
quency. The shape of the retardation distribution function resembles that of poly- 
isobutylene; however, the value of the ratio of the maximum in the retardation distri- 
bution function to the equilibrium compliance is not the same for the two polymers. 
The value for the polyurethane agrees instead with that previously found for cel- 
lulose tributyrate and polyvinyl chloride gels (which are crosslinked by erystalliza- 
tion). For several decades at the long time end of the transition zone the relaxation 
distribution function has the slope of —1% prescribed by the Rouse theory, as does a 
20.4% cellulose tributyrate gel. At shorter times the experimental curve rises more 
steeply than predicted by theory, just as do the corresponding curves for vinyl] 
polymers. However, the total deviation from the linear theoretical curve is small and 
the overall shape of the relaxation distribution function for the polyurethane more 
nearly resembles that found for disubstituted than for monosubstituted vinyls. 


INTRODUCTION 


The dynamic mechanical properties of a number of amorphous uncross- 
linked vinyl polymers have been studied in recent years (1). Above the 
glass transition temperature 7’, , the time dependence of these properties 
has been interpreted in terms of the Rouse (2) and Bueche (3) molecular 
theories of viscoelasticity and the temperature dependence in terms of the 
WLF (4) equation, a near-universal function of ee 

The time dependence originates in cooperative modes of motion of 
segments of the coiled polymer molecules as the disturbed coils strive to 
return to their equilibrium configuration under the influence of Brownian 
motion. The primary molecular parameters characterizing these modes of 
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motion are the average frictional resistance to motion encountered by a 
monomer unit (5), the effective bond length of the monomer (5), and, for 
sufficiently long chains, the amount of intermolecular entanglement with 
neighboring molecules (5, 6). The temperature dependence of mechanical 
properties is due primarily to the temperature dependence of the frictional 
resistance factor, which is a function of the free volume of the system. 

With the broad outlines of mechanical properties thus well understood, 
attention is now turning to the fine structure of the distribution functions 
of relaxation or retardation times. Watkins, for instance, has recently re- 
ported on the effects of molecular weight distribution (7) and chain branch- 
ing (8). Ferry and co-workers are studying the effects not only of increasing 
the length of side chains on vinyl polymers (alkyl methacrylates) (9, 10) 
but also of changing the backbone structure itself, by comparing the 
properties of vinyls and cellulose derivatives (11, 12). 

In view of the differences between the behavior of the cellulosic and 
vinyl systems, it is of interest to study polymers whose backbone structure 
is intermediate in complexity. Such studies should serve to delineate 
more clearly the effect on mechanical behavior of changes in the basic 
structure. One readily available class of polymers of this type is the poly- 
urethane. Since these polymers are generally utilized as crosslinked rub- 
bers, only the transition zone from rubbery to glasslike behavior is of 
immediate interest, although Offenbach and Tobolsky (13) have shown 
that at long times and high temperatures these materials undergo chemical 
stress relaxation. 


MATERIALS AND MeEetTHops 


The polyurethane elastomer selected for study was a sample of Vulcollan 
18/40 provided by the Mobay Chemical Co.’ It is apparently the same 
material as the Vulcollan B used by Tobolsky. Vulcollan 18/40 is prepared 
from a low molecular weight polyester which is extended and crosslinked 
to form an elastomer by reacting it with naphthalene 1 ,4-diisocyanate 
and 1,4-butanediol. The polyester has a molecular weight of approxi- 
mately 2000 and is prepared from adipic acid and a mixture of ethylene 

and propylene glycols. 
’ Measurements of the complex shear compliance (J* = J’ — iJ”) 
were made at frequencies between 45 and 6000 cycles per second with a 
Fitzgerald Transducer’ (14). The commercial instrument differs from the 
original model in having two transducers in the housing rather than one. 
These transducers will be referred to as Side I and Side IT. 

The apparatus was tested after calibration by measuring the compliance 
of the National Bureau of Standards sample of polyisobutylene (15) at 0, 


1Mobay Chemical Co., St. Louis, Missouri. | 
2 Atlantic Research Corp., Alexandria, Virginia. 
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20, 50, and 80°C. and comparing the results with the published values of 
Fitzgerald, Grandine, and Ferry (16). The agreement was satisfactory. 

The disklike samples of Vulcollan used in the transducer were cut from 
1 in. sheets with either a cylindrical eutter or a specially constructed 
knife-blade tool mounted in a drill press. During cutting, the samples 
were lubricated with glycerine which was subsequently washed off with 
tap water. The samples were then stored in a desiccator for 2 to 7 days 
before use. Once the samples had been inserted in the apparatus, a very 
gentle stream of tank nitrogen was continuously passed through the 
housing in order to minimize the effects of moisture and oxygen. 

Three pairs of samples were used. Samples 7 and 10, approximately 
ly in. (thickness) by 3g in. (diameter), were inserted in Sides I and II. 
Their sample coefficients’ were calculated to be 10.9 and 10.4 cm., re- 
spectively. Sample 9, 14 in. by 52 in., was run concurrently with sample 
10 and had a nominal sample coefficient of 29.8 em. However, it did not 
adhere perfectly to the driving tube surfaces, as evidenced by the fact 
that values of both J’ and J” were higher than those obtained from samples 
7 and 10. On the other hand, the loss tangents, which are independent of 


the sample coefficient, were in full agreement. The application of an | 


empirical correction factor of 0.76 gave results which essentially dupli- 
cated those of sample 10. Therefore, the data obtained on sample 9 are 
not reported here. Although the sample coefficients of 7 and 10 are ad- 
mittedly nearly identical, the fact that these two samples were studied in 
separate sides of the transducer lends credence to the validity of the sample 
coefficients used. All samples were compressed about 9%, which produced 
a shght bulging. However, compression tests made outside the transducer 
showed that the sample coefficients could not be in error by more than 
0.4% so that no correction for bulging was necessary. The values of the 
sample coefficients at the various temperatures were calculated using an 
experimentally determined thermal expansion coefficient of 6.80 xX 10° 
deg.. 
RESULTS 


The temperature sequence followed in making measurements on sample 
7 was: 11.5, 9.7, 0.4, —6.1, —11.1, 13.9, 6.2, —16.2, and a check run at 
14.0; that for sample 10 was 14.2, 0.9, 25.3, and 39.4. As mentioned above, 
the values of both J’ and J” for sample 10 agreed with those of sample 7 
at the overlapping temperatures. The values of J’ and J” are plotted 
logarithmically in Figs. 1 and 2. 

Logarithmic plots of the reduced compliance J p = J'((Tp/Topo) + 
(Jo/J’) (1 — Tp/Topo)] and J p = J”(Tp/Topo) were prepared to test 
the method of reduced variables (17). Here p and po are the densities at 
the absolute temperature of measurement 7 and the standard tempera- 
ture Ty. The limiting high frequency compliance J «, Was assumed to be 
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Fia. 1. Variation of the real part of the complex shear compliance of Vulcollan at 
the indicated temperatures. Tag up: Sample 10; no tag: Sample 7. 


10° cm. ’/dyne, and 7) was chosen as 273.6°K. While 287°K. might 
have been a better choice of standard temperature, because data on both 


‘samples were obtained there, J” passes through its maximum at this 


temperature, and the resulting flat curves are not suitable as a basis for 
obtaining a7 values. If the method of reduced variables is applicable, then 
all relaxation times depend identically on temperature. An identical hori- 
zontal shift for both J,’ and J,” ona logarithmic frequency scale should 


force the reduced compliance curves to coincide and form two master 


curves. By using the values of the shift factor ar given in Table I, satis- 
factory superposition of J,’ and J »” was obtained as shown in the com- 


posite plots of Figs. 3 and 4. 
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TABLE I 
Temperature Shift Factors 

Temp.. °C. Log ay 
39.4 —2.67 
25.3 —2.05 
14,2 —1.29 
13.9 —1.27 
itl —1.09 
9.7 —0.88 
6.2 —0.54 
0.9 —0.09 
0.4 0.00 
—6.1 0.80 
=11.1 1.54 
1673 2.38 


SHEAR COMBLIANCE -/~ CM/OYNE 
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Fig. 2. Variation of the imaginary part of the complex shear compliance of Vulcol- | 


lan at the indicated temperatures. Tag up: Sample 10; no tag: Sample 7. 


Discussion 
Temperature Dependence 


The values of ar are plotted against T — Ty in Fig. 5 for comparison 


with one form of the WLF equation (4): 
log adr = —8.86 (T — T.)/(101.6 + T — T,), 
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Fig. 3. Real part of the complex compliance reduced to 0.4°C., plotted logarith- 
mically against reduced frequency. Sampie 10 is not distinguished from Sample 7. 
Temperature key same as in Fig. 1. 
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Fig. 4. Imaginary part of the complex compliance reduced to 0.4°C., plotted 
logarithmically against reduced frequency. Sample 10 is not distinguished from 
Sample 7. Temperature key same as in Fig. 2. 
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Fig. 5. Temperature reduction factors plotted logarithmically against 7’—T. 
The curve is from the WLF equation. 


where 7’, is a standard reference temperature which should be about 50° 
higher than the glass transition temperature 7',. By fitting the data to 
this equation, 7', for the system is found to be 283°K. and JT, should 
therefore by very nearly —40°C. Preliminary measurements of the linear 


expansion of Vulcollan strips give a value of —35°, in reasonable agree- 
ment. 


Magnitude of Mechanical Properties 


The measurements did not extend to high enough reduced frequencies 
to give J. directly. The sample sheets available were too thin to give 
sample coefficients sufficiently small to enable precise measurements to 
be made in this region. The transducer is so designed that the sample 
admittance Y x’ is given by Ya’ = Yur — Yx” , where Y 4, is a measured 
admittance and Y,y” is an apparatus admittance. Since Yy’ = 
iwJ*/C, a small value of C is required when the samples are hard and 
J* is small in order to avoid losing precision when calculating the difference 
Yap a Your 

Vulcollan is crosslinked by primary valence bonds and thus has a true 
equilibrium rubbery modulus Gz . Therefore G’ , the real part of the complex 
shear modulus G* (= 1/J* = G’ + i@”), is actually the sum of a time- 
independent modulus, Gz, and a time-dependent modulus, G’ — Gz. 
It is G’ which is calculated directly from J’ and J”, but it is G’ — Gr 
which is determined by the distribution function of relaxation times and 
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Fie. 6. Total real and time-dependent real parts of the complex shear modulus, 
G,’ and (@’—Gz)p, imaginary part of the modulus, Go; and real part of the complex 
shear viscosity, 77’, all reduced to 0.4°C. and plotted logarithmically against reduced 
frequency. Reduced loss tangent plotted against log reduced frequency. 


is therefore a function of the molecular relaxation processes. Values of 
G’, G”, and the real part of the complex viscosity n’ (= G”/w) were calcu- 
lated from the composite curves of Figs. 3 and 4 and are plotted logarith- 
mically against the reduced frequency in Fig. 6. The limiting value of G’ 
at low frequencies is Gz. The value of Gz at 0.4°C. was estimated from 
the curve to be 10’” dynes/cm.” and the quantity G’ — Gz, also shown 
in Fig. 6, was calculated accordingly. The corresponding room tempera- 
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ture value of Gz is 1.47 X 10’ dynes/ em.’, in excellent agreement with a 
value of 1.44 X 10’ dynes/cm.” obtained by direct measurement under 
static conditions. The slope of the G’ curve is less for the polyurethane 
than for non-crosslinked amorphous polymers. This is due in part to the 
fact that the value of @’ at high reduced frequencies is the glassy modulus, 
which is nearly independent of the system. However, the limiting value at 
low frequencies is Gz and since the equilibrium modulus will be higher for 
a crosslinked system, the G’ slope will be less. The Vulcollan is thus similar 
in this respect to cellulose tributyrate gels which are crosslinked by crystal- 
lization of the polymer (11). 

The loss tangent J”/J’ (= @”/G’), also plotted in Fig. 6, follows a 
very broad curve with a low maximum, again resembling the behavior 
of the cellulose tributyrate gels rather than vinyl polymers. The only 
vinyl derivative which shows a similar loss tangent curve is polyiso- 
butylene (18). Indeed, the very gentle descent from the maximum at 
higher reduced frequencies is reminiscent of the shoulder observed with 
polyisobutylene. In the present case, however, the shape of the curve 
beyond the maximum may be an artifact due to experimental inaccuracies 
at higher reduced frequencies. 


Retardation Distribution Function 


The distribution function of retardation times L was calculated from 
the composite curves of Figs. 3 and 4 by the usual second approximation 
methods (19). The values are tabulated in Table II and plotted in Fig. 7. 
Those calculated from J’ are in good agreement with those from J”. 

The ratio of the maximum value of L to the equilibrium compliance 
is 0.14, essentially the same as the value of 0.13 found for cellulose tri- 
butyrate (CTB) and polyvinyl chloride gels (11). On the other hand, L 
peaks more sharply for the Vulcollan than it does for the gels and in this 
respect closely resembles the shape of L for polyisobutylene, where Lmax/J 
is 0.20. The relative shapes are indicated in Fig. 8, where the distribution 
functions of CTB and PIB have been shifted by an arbitrary amount to 
give a common value of Imax for all three systems. 


Relaxation Distribution Function 


The distribution function of relaxation times ® was calculated from 
the plots of G’ and G” of Fig. 6 by the second approximation methods. 
Since ® is independent of Gz , the G’ plot was used in the calculation instead 
of G’ — Gy because of its greater accuracy. Values of ® are also given in 
Table II and plotted in Fig. 7. Again the values calculated from the real 
and imaginary components of the modulus are in reasonable agreement. 

The Rouse theory predicts a slope of —14 for ® in the region of the 
time scale where cooperative motion involves segments long enough to be 
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Fic. 7. Distribution functions of relaxation times, ®, and retardation times, L, 
reduced to 0.4°C. and plotted logarithmically against reduced time. Key: top black 
circles, calculated from G,’ or Jp’; bottom black, from Gy or J; .Dashed line indicates 
the slope of —14 predicted by the Rouse theory. 


independent of short-range effects, such as steric hindrances to rotation 
about bonds, but not so long as to be influenced by the behavior of chain 
ends, whether free or immobilized in crosslinks. Relaxation distribution 
functions for vinyl polymers follow this slope at the long-time end of the 
transition zone in the region where log ® = 6 but have higher slopes at 
shorter times. A 20.4% CTB gel shows the predicted slope over several 
decades, but the more concentrated gels exhibit lower slopes. The Vul- 
collan resembles the dilute CTB system in that ® follows the form pre- 
dicted over 314 decades of log time but then rises more steeply as it does 
with vinyls. The correlation with the Rouse theory implies that the poly- 
ester chain behaves more like a free-draining coil than do the carbon- 
carbon chains of the vinyl polymers studied thus far. 

On the other hand, even though the chain behaves as if it were a free- 
draining coil, the monomeric friction coefficient (5) is of the order of 
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Fic. 8. Relative shapes of distribution functions of retardation times for Vulcollan 
B, polyisobutylene, and a 20.4% gel of cellulose tributyrate in dimethyl phthalate. 
The CTB and PIB curves have been shifted by an arbitrary amount, C, to give a 
common value of Imax. 


TABLE II 
Retardation and Relaxation Distribution Functions Reduced to 0.4°C. | 
Log L Log | 
Log r From J’ From J’’ From G’ From G”’ 

0.0 —8.51 —8.67 5.80 5.68 
—0.5 —8.43 —8.49 6.03 5.94 
—1.0 —8.18 —8.17 6.25 6.23 
—1.5 —8.03 —7.98 6.45 6.51 
—2.0 —8.00 —8.00 6.67 6.79 
—2.5 —8.07 —8.01 6.96 7.02 
—3.0 —8.27 —8.27 7.19 7.30 
—3.5 —8.59 —8.53 7.50 BRE 
—4.0 —8.95 —8.85 7.83 7.91 
—4.5 —9.26 —9.13 8.13 8.22 
—5.0 —9.55 —9.49 8.42 8.53 
—5.5 —9.82 —9.68 8.69 8.81 
—6.0 —10.11 —9.87 8.89 9.04 
—6.5 —10.38 —10.07 9.02 9.23 


magnitude found for vinyl derivatives (20). The monomeric friction co- 


efficient of homopolymers, ¢»), can be calculated from the following equa- 
tion (5): 


fo = 240° Br & 10"? (Mo/ap)’/kTNE 


4 
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where M, is the monomer molecular weight, a is the equivalent bond 
length of the monomer unit in A, p is the density at the temperature 7’, 
k is the Boltzmann constant, and No is Avogadro’s number. Although the 
value of a is unknown, the quantity M)/a, the molecular weight per 
equivalent bond length, is probably close to 12 g./mole/A, the average 
value found for vinyl derivatives. The value of p at 0°C. is 1.26 g./cm.*, 
so that log {) = —2.76 at that temperature or 4.60 at 7’, , 233°K. A much 
smaller value of M)/a is obtained if the estimation is made somewhat 
differently. If the ester were prepared from adipic acid and ethylene 
glycol, and the length of the carbon-oxygen bond along the chain were 
equivalent to that of the carbon-carbon bond in the bimethylene groups, 
then the monomer length would be equivalent to five C-C units of a vinyl 
polymer. The average value of a for such units is 6 A. The equivalent 
monomer molecular weight is Mo/5, and M)/a is reduced to 5.73 g./mole/A. 
Nevertheless log ¢o is decreased by only 0.32 log unit. Since log ¢ is roughly 
proportional to 7’, , these values are in accord with those found for PIB 
(T, = 202°K., log f& = 4.04) and polymethyl acrylate (T, = 276, log 
fo = 6.24) (20). The value for the 20.4% CTB gel at 7, (about 195°K.) 
is of the order of 9.3. 


CONCLUSIONS 


The change in backbone structure from a vinyl to a polyester contain- 
ing several adjacent methylene groups does not modify the mechanical 
properties to any great degree. The crosslinks modify the response pri- 
marily in their effect on the equilibrium modulus, although the higher 
value of the latter affects the response over several decades of logarithmic 
time. The resulting changes in the dynamic modulus or compliance are in 
accord with those observed in gels crosslinked by crystallization. 
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ABSTRACT 


Kinetic constants, e.g., 6 and Cy, for methyl methacrylate polymerization within 
the range of 20°C. to 115°C. are presented from work carried out with a wide variety 
of initiators and under varying conditions. 


The general equation correlating the number-average degree and rate 
of polymerization in a catalyzed system may be easily deduced (1, 2) as 


1/P = Cu+ Cr/M + R,6'/M’ [1] 


where P = number-average degree of polymerization; 
Cy, C; = chain transfer for monomer and initiator (Cu = kiru/kp); 


I, M = catalyst and monomer concentrations; 
R, = rate of polymerization; 
6 =k ikp; ky and ky are the rate constants for termination and 


propagation of the polymer chain. 

From the general equation [1] 6 and (y can be evaluated by the existing 
methods already described in our previous publications (3-5). The values 
of 6 and Cy, especially the former, are very important as they occupy a 
unique position in the correct determination of the initiation rate of a 
polymerizing system. 

Ri (1+ 2) = 2Ry o/M’, [2] 


where x is the ratio of disproportionation to the overall termination process. 

In an earlier publication Ferington and Tobolsky (6) have compiled 
data for 6° and Cy at various temperatures. In the present paper we have 
tried to supplement data obtained, over a wider range of temperature and 
with a wide variety of catalysts, in our own laboratory. The results are 
represented in Table I. 

From the above table it may be observed that values for 6 and Cy, 
obtained by us are in excellent agreement with those of Baysal and Tobol- 
sky (2) and other workers in the field. In the case of C,, the older literature 
values of Schulz and Harborth (7) appear to be somewhat high. The value 
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TABLE I 
8 and Cy for Methyl Methacrylate at Various Temperatures 
ies b 3 Cm X 105 Catalyst 
20 17.64 0.3 Azo 
25 17.09 1.5 Azo 
30 13.27 1.2 Azo 
13.89 1.5 BZ;02 
35 — 0.2 H.02 
50 10.15 4.0 BZ.O2 and Azo 
11.62 0.8 H202 
60 8.20 1.0 Azo 
8.08 — Azo 
8.43 1.0 H202 
8.32 1.0 Azo, 1,1’ Azobis cyclohexane carbonitrile, 
Azo, 2 methylbutynitrile, 
2,2’ Azo 2, 4 dimethylbutyronitrile, 
2,2’ Azo 2 methyl 3,3 dimethylbutyronitrile, 
2,2’ Azo 2 methyl butyronitrile 
7.55 0.90 o-Cl BZ,02 
7.22 1.0 p-methoxy BZ:02 
8.25 0.97 Palmitoyl peroxide 
8.12 1.0 m-Cl BZ2O2 
7.66 1.05 p-NO2 BZ.02 
1.22, 1.10 o-CH3 BZ.O2 
7.95 1.01 Cinnamoyl] peroxide 
7.80 1.03 p-Cl BZ202 
7.50 1.20 m-NO» BZ2.O> 
70 6.63 6.0 BZ.02 
80 5.26 1.6 H.02 
98 4.05 3.1 DTBP 
115 2.48 5.5 H.202 


Reference 
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Azo—2,2’ Azobisisobutyronitrile; BZ.O.—Benzoyl peroxide, DTBP—di-t-butyl- 


peroxide. 
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’ Hseih, H., Unpublished results (cited by Ferington, T. E., and Tobolsky, A. V., 
J. Colloid Sci. 10, 536 (1955). 

¢ Ferington, T. E., J. Colloid Sci. 10, 536 (1955). 

¢ Schulz, G. V., and Harborth, G., Makromol. Chem. 1, 106 (1947). 

¢ Baysal, B., and Tobolsky, A. V., J. Polymer Sci. 8, 529 (1952). 

/ O’Brien, J. L., and Gornick, F., Presented at Philadelphia meeting of American 
Chemical Society, Jan. 29, 1953. 

’ Offenbach, J., Unpublished results (cited by Ferington, T. E., and Tobolsky, 
A. V., J. Colloid Sci. 10, 536 (1955)). 

* Nandi, U.8., and Palit, S. R., J. Polymer Sci. 17, 65 (1955). 

* Nandi, U.S., and Palit, S. R., Proceedings of the International Macromolecular 
Symposium, 1954, published in La Reserca Scientifica. 

/ Saha, N.G., Nandi, U.S.,and Palit, S.R., Unpublished results from this labo- 
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Fia. 1. Dependence of 6 and Cy, on temperature in methyl methacrylate polymeri- 
zation. 


of Cy has been carefully determined, and our extensive work at 60°C. 
conclusively proves the validity of our data. 

The values of log 6 and log Cy are plotted as a function of 1/T in Fig. 1 
and the best straight line drawn through these points. The best fit of the 
data is given by the equations 


6 =e 9.4 x is exp’ keal./RT 
and 
Oe = 9.1 x 10° exp ’° keal./RT 


This result may be compared with the results obtained from Fering- 
ton and Tobolsky’s (6) compiled data: 


6 = 17.31 Ke 10° exp” keal./RT 
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From absolute rate constants of Matheson et al. (8) the equation may 


be calculated as 
4.9 keal./RT 


5 = 16.1 X 10 ° exp ; 


and the latter result is in excellent agreement with our equation which 
incidentally covers a wider range of temperature. 


The author is indebted to Prof. Santi R. Palit for his keen interest and 
helpful suggestions in the work and thankfully acknowledges the grant of 
a National Research Fellowship. 
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U.S. Nandi (1) has given further experimental values for rate constants 
in the polymerization of methyl methacrylate. These should be compared 
not only with the results of Ferington and Tobolsky (2), as he suggests, 
but also with those of O’Driscoll and Tobolsky (3), in which the tempera- 
ture range was extended to —40°C. by using benzoyl peroxide plus di- 
methyl aniline as the initiator. The combined data from these three papers 
are plotted in Fig. 1. One may draw either three lines through the points 
as indicated or a smooth curve. 

It has been shown previously (4) that 


as Qkea Sa Kec 


re 
ies 


(1] 
where: k,q is the rate constant for termination of the polymer chain by 
disproportionation ; 
k,, is the rate constant for termination of the polymer chain by 
combination ; 
ky is the rate constant for the propagation step in polymerization. 
Thus one would expect to obtain a curved line on plotting log 6 against 
1/T if both disproportionation and combination were important in the 
reaction. If a curved line is drawn, then the equation for 6 derived from 
Matheson’s absolute rate constants may be approached as closely as 
desired, depending on the temperature range used. 
In considering these data, however, one must note that according to 
Nandi’s references 3, 5 the relation between molecular weight and dilute 
solution viscosity which he uses is 


P, = 2.81 X 10° [y]'” [2] 
which is the equation given by Baxendale et al. (5) for fractionated poly- 
methyl methacrylate, rather than the one they give for unfractionated 
material, namely, 

P= 1 99eX0ula) [3] 
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Log 8 


(As) 3.0 3.9 4.0 


1/T x 10° 


Fig. 1. Assemblage of values of 5 from the literature. © T. Ferington and A. V. 
Tobolsky.-O- K. O’Driscoll and A. V. Tobolsky. (0) U.S. Nandi. 


If the latter equation had been used in determining 6, the values obtained 
would have been somewhat different. 

The same remarks about molecular weight apply to Nandi’s equation 
for Cy. Here, since 


Ci Le (at Rp = 0) [4] 
one can modify his given equation 
Cu = 9.1 X 10 exp (—7.6 kcal./RT) [5] 
to 
Cu = 4.0 X 10° exp (—8.0 kcal./RT) [6] 


by obtaining [7] from his Cy, values and Kq. [2] and then using this value 
in Kq. [3] to get the true P, and hence Cy, . 
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INTRODUCTION 


Continuing an investigation of methacrylate polymers synthesized and 
characterized at Samuel Feltman Ammunition Laboratories, Picatinny 
Arsenal, we now report data on the mechanical properties of two fractions 
of poly-n-butyl methacrylate. Several fractions of this polymer have 
already been studied in dilute solution by Chinai and Guzzi (1), and 
measurements of dielectric properties in the undiluted state have been 
made by Strella and Zand (2). The dynamic mechanical properties through 
the transition from rubberlike to glasslike consistency, which are reported 
here, reveal anomalies attributable to side-chain motions, as previously 
adduced for polyethyl methacrylate (3). 


MATERIALS AND METHOD 


The synthesis and fractionation of the polymer have been described (1)- 
The two fractions used in this study, FF-1 and FF-2, had weight-average 
molecular weights of 3.05 and 0.37 X 10°, respectively. They had been 
dried from frozen benzene solution, and were stored over silica gel desiccant. 

Measurements of the complex shear compliance (J* = J’ — iJ”) were 
made between 24 and 2400 cycles with the Fitzgerald Apparatus manu- 
factured by Atlantic Research Corporation, Alexandria, Virginia. Three 
pairs of disc-shaped samples of each fraction were employed, molded at 
225°-240°F. and 10,000 Ib./sq. in. The samples were quite clear and 
light brown in color. The method of insertion and the calculation of the 
sample coefficients have been described previously (3). For this calcula- 
tion, the density of the polymer was taken as 1.055 at 25°C. The thermal 
expansion coefficient was estimated to be 6 X 10 * deg.” above the glass 
transition temperature (27°C.), later confirmed by measurements of 
Mandelkern and Quinn (4). Detailed descriptions of the samples follow. 


1 Part XXVI of a series on Mechanical Properties of Substances of High Molecular 


Weight. 
2 Now at Carleton College, Northfield, Minnesota. 
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Fraction FF-1. Samples 67, approximate dimensions 1}¥¢ in. diam. by 
345 in. thickness, were compressed in the apparatus about 4% and the 
sample coefficient was 24.32 em. at 90°C. Measurements were made at 
approximately 5° intervals from 65° to 110°, followed by check runs at 
(approximately) 100°, 85°, and 70° which agreed satisfactorily with the 
initial results. (The exact temperatures are given in the legend of Fig. 1.) 

Samples 69, approximate dimensions 114g in. by 142 in., were com- 
pressed about 7%, and the nominal sample coefficient was 54.8 cm. at 
90°C. Measurements were made at approximately 5° intervals from 90° 
to 130° (excluding 100°). The exact temperatures were the same as those 
employed for Samples 67 (the two pairs being in opposite ends of the 
apparatus), and all the data agreed quite closely at the 4 overlapping 
temperatures. However, still closer agreement could be obtained by an 
empirical adjustment of the sample coefficient by a factor of 1.03. Since 
the coefficient is more difficult to determine for very thin samples, this 
correction was applied to the data from Samples 69. 

Samples 70, approximate dimensions )¢ in. by 54¢ in., had to be inserted 
twice to achieve correct centering, with successive compressions of 7% 
and 6%. The nominal sample coefficient was 4.511 em. at 80°C. Measure- 
ments were made at approximately 5° intervals from 54° to 80°, followed 
by 49°, 44°, and a check run at 54° which agreed well with the initial 
measurements. The values of J’ and J” were smaller, at overlapping 
temperatures, than those for Samples 67 by about 7%, but the ratios 
J”/J' were in good agreement. As usual, therefore, the difference was 
attributed to an error in the sample coefficient and all the data were 
corrected by an empirical factor of 1.07. 

Fraction FF-2. Samples 80, approximate dimensions 114, in. by Mo 
in., were compressed about 8%, and the sample coefficient was 63.3 cm. 
at 100°C. Measurements were made at approximately 5° intervals from 
90° to 100° and from 110° to 135°, followed by a check run at 90° which 
agreed with the initial results. (The exact temperatures are given in the 
legend of Fig. 2.) 

Samples 81, approximate dimensions 1146 in. by 345 in., were com- 
pressed about 3%, and the nominal sample coefficient was 17.1 cm. at 
100°C. They experienced the same temperature sequence as Samples 80. 
Measurements were made at approximately 90°, 95°, 100°, 110°; after 
exposure to higher temperatures up to 135°, a check run at 90° gave 
values of J’ and J” 4% lower than initially, attributed to some sag of 
these thicker samples as observed when the apparatus was opened; subse- 
quent measurements were made at 80°, 70°, and 75°, with a final check 
run at 90° which agreed with the preceding results. At overlapping temper- 


atures, the initial J’ and J” values were about 4% higher than those for 
Samples 80. 
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Samples 82, approximate dimensions 5/¢ in. by 34 in., were compressed 
about 5%, and the nominal sample coefficient was 3.25 cm. at 80°C. 
Measurements were made at approximately 5° intervals from 70° to 80°, 
and then from 65° to 45°, with a final check run at 70° which agreed with 
the initial results. The values of J’ and J” were about 10% higher than 
those for Samples 80, but the ratios J”/J’ were in good agreement. 

In calculating final absolute values of J’ and J”, it was assumed that 
the correct values lay between those for Samples 80 and 82, and the follow- 
ing empirical correction factors were applied: 80, 1.05; 81 before sag, 1.09, 
after sag, 1.05; 82, 0.95. 


RESULTS 


The original data for J’ and J”, measured at 18 temperatures from 44° 
to 130° for Fraction FF-1, and at 17 temperatures from 45° to 135° for 
Fraction FF-2, are shown in Figs. 1 and 2, respectively. Where data on 
different samples were taken at the same frequencies and temperatures, 
the values have been averaged. 

The values for the two fractions at corresponding temperatures are 
closely similar, thus confirming the expectation, as previously found for 
polyethyl methacrylate, that the mechanical properties in the transition 
region between rubberlike and glasslike consistency are essentially inde- 
pendent of molecular weight so long as the latter is fairly high. Here the 
molecular weights differ by a factor of over eightfold. 

For reduction to a standard temperature, chosen as 100°C., J,’ and 
J,” were calculated by the usual formulas (5), using the thermal expan- 
sion coefficient given above. The value of /., the limiting high frequency 
compliance, was chosen as 10” cm.’/dyne, but its choice was not critical. 

Logarithmic plots of the reduced functions could be superposed quite 
well by the usual arbitrary shift factors a7, identical for both real and 
imaginary components, except for a range between 55° and 80° for J,’ 
and between 110° and 135° for /J,”. The first anomaly can be attributed 
to a secondary (8) mechanism involving side chain motions, as previously 
concluded for polyethyl methacrylate and further analyzed below. The 
second, which appears as a temperature dependence of the height of the 
maximum of J,”, while its position on the reduced time scale remains 
unaltered, is a new type of deviation from the usual superposition with 
reduced variables. 

Outside the anomalous regions, the empirical a7 values followed closely 
an equation of the WLF form (6): 


log a7 = —e(T — T)/(co + T — To) [1] 


and values of ar calculated from this equation, with the coefficients given 
in Table I, were actually used for the final plots against reduced frequency 
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268, 2 tables, 8 figs., Child & Ferry 


TABLE I 
Parameters for Temperature Dependence of «a Mechanism 
Fraction FF-1 Fraction FF-2 

Reference 75 = 373°K.: Ce 14.53 9.70 

C29 255 169.6 
Reference 7’, = 300°K.: ‘ Cie 20.4 AAD) 

C2’ 182 96.6 

aig 0.021 0.026 

ay 12 x10 2.6 X 10-4 
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Fig. 3. Real part of the complex compliance, J’, for Fraction FF-2 reduced to 
100°C. and plotted logarithmically against reduced frequency. Reduction factors 
ar calculated from coefficients in Table I. Pip down at right 45.0°C.; successive 45° 
or 90° relations clockwise correspond to increasing temperatures at approximately 
5° or 10° intervals, respectively (exact temperatures given under Fig. 2). Dashed line 
gives reduced real compliance for Fraction FF-1. The solid curve represents the 
probable compliance of the a mechanism. 


(war) shown in Figs. 3 and 4. Here the points for Fraction FF-2 are shown; 
the corresponding plots for Fraction FF-1 coincide exactly except for a 
small divergence at high reduced frequency, shown by dashed curves. 
With knowledge of the glass transition temperature, 7, = 300°K. (4), 
the values of ¢,/ and c,’ appropriate to 7’, as reference temperature may be 
calculated from formulas previously given (6), and from these the pa- 
rameters f; and ay which represent the fractional free volume at 7’, and its 
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Fic. 4. Imaginary part of the complex compliance, J”, for Fraction FF-2, reduced 
to 100°C. and plotted logarithmically against reduced frequency. Reduction factors 
a7 calculated from coefficients in Table I. Temperature key same as in Fig. 3. Dashed 
line gives reduced imaginary compliance for Fraction FF-1. 


expansion coefficient relative to the total volume (7). All these values 
are given in Table I. Though the values for the two fractions differ some- 
what, f, is in the range (0.02 to 0.03, most frequently 0.025) observed for 
polymers uncomplicated by anomalies in the application of reduced 
variables (7); and though ay is smaller than usual, the value for FF-2 
agrees exactly with the increase in macroscopic thermal expansion co- 
efficient at 7, (4). It may be concluded, therefore, that Eq. [1] correctly 
describes the temperature dependence of the chain backbone motions 
which dominate and usually wholly determine mechanical behavior in the 


transition region. 


ANALYSIS OF a AND 8 MECHANISMS 


The fanning out of points at individual temperatures in Fig. 3 may be 
attributed to a @ or side-chain mechanism whose contributions to com- 
pliance shift differently with temperature from those of the a mechanism 
associated with chain backbone motions. The absence of such an anomaly 
in the J,” plot means that the 6 contributions to J” are everywhere 
negligible compared with the a contributions. Hoff (8) has in fact con- 
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cluded from some measurements at approximately constant frequency | 
that there is a 6 mechanism in poly-n-butyl methacrylate which is largely |] 
obscured by the a mechanism because the latter occurs at lower tempera- 
tures than in the methyl or ethyl methacrylate polymers. The present 
data substantiate this conclusion and, since both frequency and tempera- | 
ture have been varied, offer the opportunity of separating the two | 
contributions to J’. ' 

The analysis is similar to that previously made for polyethyl meth- 
acrylate (3) but it is far simpler because the anomaly is confined to the 
center of the reduced frequency range. Only Fraction FF-2 was selected | 
for treatment because the data cover a somewhat wider temperature 
range and the coefficients in Table I indicate that the temperature reduc- 
tion was more successful for this fraction. On the J,’ plot, the lower 
envelope of the points was assumed to represent the a contributions, and 
these were subtracted point by point from J’ to give J,’. The latter was 
then plotted logarithmically against war , but of course curves at different 
temperatures did not superpose. However, as in the earlier case of poly- 
ethyl methacrylate, these curves could be superposed by empirical horizon- 
tal shifts representing log avg — log ar, where arg is the reduction factor 
for the 8 mechanism. From such shifts, accompanied by values of log 
ar derived from Eq. [1], log avg was calculated. From 55° to 75°, log arg 
was a linear function of the reciprocal absolute temperature with a slope 
corresponding to an apparent energy of activation of 24 keal. 

Strella and Zand (2) have studied the dielectric dispersion of the same 
two fractions of poly-n-butyl methacrylate over a wide temperature range. 
Their principal dispersion, which corresponds to the 8 mechanism, changes 
in shape at lower temperatures, preventing the direct application of re- 
duced variables; but from 65° to 114° the shape is nearly independent of 
temperature and the dielectric data can be reduced in the usual manner 
(5). Reduction factors by obtained in this way fall on the same logarithmic 
plot against 1/7’ as the above-described azg factors, lending confidence 
to the value of 24 keal. for the apparent activation energy of this mech- ; 
anism. 

Figure 5 shows Js’ reduced to 100° in this way. The superposition is 
fairly good and the dispersion is moderately sharp. 


Hicu-TEMPERATURE ReEpucTION ANOMALY 


While the separation into a and 8 mechanisms resolves the lack of 
Superposition in J,’ at intermediate temperatures, the failure in super- 
position of J,” at high temperatures has not yet been discussed. The maxi- 
mum in J,” sharpens and rises somewhat with increasing temperature, 
following the empirical equation log J,” (at max.) = A + B(t — 100), 
where ¢ is Centigrade temperature. The constant A is —7.11 for both 
fractions; B is 0.0040 and 0.0047 for FF-1 and FF-2, respectively, probably 
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Fia. 5. Real part of the complex compliance of the 8 mechanism for Fraction FF-2, 
reduced to 100°C. on the basis of a constant apparent activation energy of 24.4 kcal. 
and plotted logarithmically against reduced frequency. Temperature key to points 
same as in Fig. 3. 


not significantly different. The location of the maximum on the reduced 
frequency scale is not affected by temperature. The sharpening in J” 
must be associated with a similar sharpening in the retardation spectrum 
L (which in zero approximation equals J”) near its maximum. This should 
of course in turn affect J’ as well, but the familiar equations relating 
these quantities (e.g., Eqs. [2] and [3] of reference (3)) show that J’ is 
weighted by contributions from L at shorter times where the anomaly is 
absent. This explains why the magnitude of J’ is not affected to a per- 
ceptible extent. 

Near this maximum in J” and L, the mechanical properties of a high 
molecular weight polymer reflect the widely spaced entanglements dis- 
cussed by Bueche (9, 10). The sharpening of the maximum with increasing 
temperature is probably caused by a change in the disposition of these 
entanglements. A similar anomaly appears in poly-n-hexyl methacrylate 


M2). 
DISTRIBUTION FUNCTIONS 
The retardation spectra or distribution functions, L, have been calcu- 


lated for the two mechanisms from the data of Figs. 3-5 by the second 
approximation formulas of Williams and Ferry (13); they are given in 
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Fia. 6. Retardation spectra of the two mechanisms for Fraction FF-2 reduced to | 
100°C. Points top black, from J’; bottom black, from J”. Open circles calculated from | 
creep data of Bueche on another sample of polybutyl methacrylate. 


TABLE II 


Relaxation and Retardation Distribution Functions Reduced to 100°C. Calculated for 
Fraction FF-2 


; log Lp in cm.?/dyne . log Hp in dynes/cm.* 
reek from J’ from J’ from G’ from G”’ 
a Mechanism 
—8.5 —10.72 —10.39 8.64 8.77 
—8.0 —10.49 —10.26 8.69 8.80 
-7.5 —10.338 —10.11 8.76 8.85 
—7.0 —10.12 —9.96 8.80 8.83 
—6.5 —9.94 —9.76 8.71 8.81 
—6.0 = 95 —9.52 8.52 8.66 
—5.5 —9.45 —9.24 8.21 8.35 
—5.0 —9.09 —8.93 7.84 7.94 
—4.5 —8.76 —8.66 Fas akOk 
—4.0 —8.36 —8.28 7.16 7.16 
—3.5 —7.98 —7.90 6.84 6.87 
—3.0 —7.60 —7.53 6.51 6.58 
—2.5 —7.28 —7.25 6.24 6.23 
—2.0 —7.02 —7.03 5.94 5.93 
—1.5 —6.89 —6.92 5.67 5.66 
—1.0 —6.87 —6.96 5.47 5.36 
—().5 —6.91 —7.08 5.41 5.03 
8 Mechanism 

=o) —10.78 

—5.0 —10.23 

—4.5 —OniZ 

—4.0 Ws) 

—3.5 — 9.23 


° Low frequency values taken from measurements at 135°. 
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Fig. 7. Relaxation spectrum of the a mechanism for Fraction FF-2 at 100°C. Points 
| top black, from G’; bottom black, from G”. Dashed curve gives relaxation distribution 
function for Fraction FF-1. Curve E is for polyethyl methacrylate at 100°C. (Refer- 
ence 3). 


_ Table II and plotted in Fig. 6. For the a mechanism at low frequencies, 
| where J,” depends somewhat on temperature even after reduction, values 
: from the measurements at the highest temperature (135°) were chosen. 
_ The agreement between calculations from real and imaginary components 
for the a mechanism is quite good except at the short time end. For the 8 
mechanism, only the real calculation is of course available. At 100°C., Lg 
lies so far below L, that their sum, the total retardation spectrum, would 
scarcely be distinguishable from L, on the logarithmic plot shown here. At 
| lower temperatures, Lg , shifting less rapidly to longer times, would lie 
closer to L, and make relatively greater contributions to L. Their relative 
positions are, however, consistent with the absence of a detectable anomaly 
.in J” within the temperature range of our experiments. 

The retardation spectrum of the a mechanism for Fraction FI’-1 deviates 
slightly from that for Fraction FF-2 at short times, but the differences 
are less than the discrepancies between the real and imaginary component 
calculations. 

The relaxation spectra or distribution functions’, H, for the a mechanism 

have also been calculated from corresponding plots of the complex shear 
modulus and are also given in Table II. Again, the agreement between 


3 Our former symbol for this function, ®, has been replaced by H to conform to the 
recommendations of the Committee on Nomenclature of the Society of Rheology. 


338 CHILD AND FERRY 


calculations is very good. The spectrum is plotted in Fig. 7. The relaxation 
spectrum for the a mechanism of Fraction FF-1 coincides with that for 
Fraction FF-2 except at short times, where the former is shown by a 
dashed curve. Even here the deviations are quite small. 


DIscussION 
Temperature Dependence 


The temperature dependence of relaxation times in the a mechanism, 
following the WLF equation, is given by the parameters in Table I. The 
differences between the two fractions-are magnified in the derived calcula- 
tions; the actual log ar values are 10 to 15% higher in Fraction FF-2 than 
in FF-1. In view of previous experience (3, 14, 15), it seems unlikely that 
this is a real effect of molecular weight, although its source is not under- 
stood. The parameters for FF-2 are closer to those found for other poly- 
mers, though the value of ay is somewhat smaller than usual. 

The temperature dependence of relaxation times in the 8 mechanism 
corresponds to an apparent activation energy of 24 kcal., somewhat smaller 
than that of 31 keal. observed for polyethyl methacrylate. The apparent 
activation energies of the two mechanisms would be equal at 190°C., so at 
this temperature, well above the experimental range studied here, the 
two contributions would be shifting together along the time scale. 


Time and Frequency Dependence 


The retardation and relaxation spectra associated with the a mechanism 
are similar in shape to those of other polymers, particularly those with 
disubstituted carbon chains (7). The @ relaxation spectrum of polyethyl 
methacrylate is also reproduced in Fig. 7 for comparison. The shapes are 
almost identical but the maximum in the n-butyl polymer is broader and 
lower (log H = 8.81) than in the ethyl (log H = 9.36). Similarly, the 
maximum in the retardation spectrum (log L = —6.90, from measurements 
at the highest temperature) appear to be higher than that of polyethyl 
methacrylate (3), although the latter was not quite encompassed by our 
earlier measurements. Qualitatively, the differences in heights of both 
spectra are probably associated with the smaller number of monomer 
units per unit volume in the n-butyl polymer, which has a higher monomer 
molecular weight and also a lower density. 

Figure 6 also shows for comparison the retardation spectrum calculated 
by second approximation methods from creep measurements of Bueche 
(10) at lower temperatures on a sample of polybutyl methacrylate, reduced 
to 100°C. by the reduction factors for our Fraction FF-2. This spectrum 
resembles ours closely in shape and in the height of the maximum, but is 
displaced to shorter times by about a factor of ten. The difference is very 
probably associated with the fact that 7, for Bueche’s sample was quoted 
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-4 ae Oo 2 4 
LOG t IN ARBITRARY UNITS 
Fig. 8. Retardation spectra of 8 mechanisms with arbitrary logarithmic time scale, 
for three methacrylate polymers, M, methyl; EZ, ethyl; B, n-butyl. 


as 8°C., the lower value suggesting the presence of a trace of diluent or 
unreacted monomer. Otherwise the similarity of the spectra gives en- 
- couraging support of the Boltzmann superposition principle and the 
applicability of reduced variables, on which all these analyses are based. 
_ A tangent drawn to the H curve with the theoretical slope (16, 11) of 
—, as indicated in Fig. 7, provides the usual calculation of the mono- 
meric friction coefficient ¢>. For this purpose, a, the root-mean-square 
end-to-end distance per monomer unit, is taken as 6.4 A., derived from 
light-scattering measurements in a 90-solvent (1). Log {> is —3.51 at 100°C. 
Reduction to 7, , using the data for Fraction FF-2 in Table I, gives log 
> = 3.74. This is considerably smaller than the values for several other 
polymers at 7, (3, 7), though it is larger than an earlier estimate for 
poly-n-butyl methacrylate (7). Even though the fractional free volume at 
T, is about the same for each of these polymers (7), a more favorable 
| disposition of local free volume around the monomer unit may be re- 
sponsible for the greater mobility of poly-n-butyl methacrylate (7). 
The retardation spectrum of the 6 mechanism is moderately sharp. It 
is of interest to compare its shape with those of polyethyl and polymethyl 
methacrylate. The polyethyl 8 spectrum is available from the preceding 
‘paper of this series (3), while the polymethyl can be calculated from tor- 
/ sional creep measurements by Iwayanagi (17) at —51° to 37°C. and 
Lethersich (18) at 18° to 20°C., far below the glass transition temperature 
where the a mechanism makes no contribution to compliance. The results 
of Iwayanagi and Lethersich agree rather well and indicate a very broad 
maximum, practically a plateau over many decades of logarithmic time. 
| The shapes of the @ spectra for the three polymers are compared in Fig. 8. 
_ The broad plateau in polymethyl methacrylate is reminiscent more 
| than anything else of the retardation spectrum of crystalline polyethylene 
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(19), which is effectively rather densely cross-linked. This suggests that the 
motion of the methyl ester side chain requires cooperation of chain back- 
bones of neighboring molecules, and that such cooperation can extend over 
rather large domains, leading to a very broad distribution. With increasing 
side chain length, there is less coupling to the motions of neighboring 
backbones, presumably because of the looser local packing, and the spec- 
trum becomes progressively sharper. 


Influence of Molecular Weight 


The dashed curves for J,’ and J,” of Fraction FF-1 deviate slightly 
from those for Fraction FF-2, at high reduced frequency, but it is doubtful 
whether these differences are really attributable to an effect of molecular 
weight. If the temperature reduction factors for FF-2 are applied to the 
data for FF-1, the reduced compliance curves are practically coincident. 
The differences seem therefore to be associated with some peculiarity in 
the temperature reduction of FF-1, though the source is obscure. The 
differences are, in any case, barely perceptible in the retardation and 
relaxation spectra. 
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SUMMARY 


The real (/’) and imaginary (J”) components of the complex compliance 
have been measured between 24 and 2400 cycles/sec. in the temperature 
range from 44° to 135°C. for two fractions of poly-n-butyl methacrylate 
of weight-average molecular weights 3.05 and 0.37 X 10°. The data were 
closely similar for the two fractions. The method of reduced variables 
gave superposed curves for J’ and J” except for two anomalies: one near 
the center of the dispersion of J’ which could be analyzed in terms of two 
additive mechanisms (@ and @), and one near the maximum of J” which 
appeared as a slight sharpening of the maximum with increasing tempera- 
ture, attributed to a change in the disposition of chain entanglements. For 
the a mechanism, the temperature dependence of the reduction factors 
ar followed an equation of the WLF form. For the mechanism, the 
temperature dependence of the reduction factors a7g corresponded to a 
constant apparent activation energy of 24 kcal. The retardation and re- 
laxation spectra for the a mechanism, attributed to the usual chain back- 
bone motions, resemble in form those for other disubstituted vinyl chains; 
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the friction coefficient per monomer unit in backbone motion, calculated 
from the extended Rouse theory, is smaller at 7, than usual. The retarda- 
tion spectrum for the 8 mechanism is considerably sharper than for poly- 
methyl or polyethyl methacrylate, probably because side chain motions 
are less coupled to those of neighboring chain backbones. 
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LETTER TO THE EDITOR 


ON MICELLE FORMATION OF DODECYLAMMONIUM SALTS OF 
FATTY ACIDS IN NONPOLAR SOLVENTS 


Micelle formation in nonaqueous solvents has been reported by many 
authors (1-5). However, it has not been determined whether a critical 
concentration or a concentration range for micelle formation exists in these 
cases. Singleterry and co-workers reported the existence of a critical con- 
centration range (1, 3, 4). Pink and Nelson reported that aggregation occurs 
at an extrapolated zero concentration (5). Hence, it seems that a study of 
the existence of a critical concentration or a critical range for micelle for- 
mation in a nonpolar solvent should be made with various methods and 
materials. 

The reaction products of fatty acids and dodecylamine were used as 
detergents because of their relatively high solubilities in various nonpolar 
solvents (6). The existence of a critical micelle concentration for solutions 
of these detergents in benzene has been suggested (7, 8). 

To determine whether or not a critical concentration for micelle forma- 
tion exists in a nonpolar solvent, the behavior of these detergent solutions 
was studied by solubilization of water. 

Equivalent mixtures of fatty acid and dodecylamine were shaken in 
hexane at room temperature. Butyric acid and caprylic acid were used as 
fatty acids. Crystals, precipitated by cooling in ice or ice-salt baths, were 
recrystallized from the same solvent. The products were white with m.p. 
39-41°C. and 43-45°C., respectively. The products of fatty acid and amine 
have acid-amine ratios of 1 to 1, 2 to 1, or 3 to 1 according to the species 
of amine (9-12). It appears from these papers that equimolar mixtures of 
primary amine and fatty acid form 1:1 compounds. The product of butyric 
acid and dodecylamine had a nitrogen content of 5.01% (calculated for 
the acid-amine ratio of 1 to 1 is 5.13%), and that of caprylic acid and 
dodecylamine had a nitrogen content of 4.25% (calculated for a 1:1 com- 
pound is 4.26%). Their structures were shown to be ammonium salts, at 
least in the solid state, by means of infrared measurements (7). Hence the 
products are dodecylammonium butyrate and dodecylammonium capryl- 
ate. Benzene, cyclohexane, and carbon tetrachloride, used here as solvents, 
were purified and care was taken to remove all water. 

Measurements of solubilization of water were made by a method re- 
ported previously (7). The relation between the limiting amount of water 
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TABLE I. 


The Apparent CMC (Moles per Liter) and the Solubilizing Power (SP) (Moles of Water 
per Mole of Detergent) from Solubilization Experiments 
Temperature 26° + 1°C. 


\ Detergent Dodecylammonium Dodecylammonium 
butyrate capry late 
Solvent x CMC SP CMC SP 
Benzene 0.016 + 0.002 4.6 0.030 + 0.002 2.8 
Cyclohexane 0.002 + 0.001 24 0.016 + 0.002 3.0 
Carbon tetrachloride 0.016 + 0.002 4.3 0.072 + 0.004 1.9 


solubilized and the concentration is linear within the concentration range 


- used here. Values were corrected for the solubility of water in pure solvent. 


The linearity was also observed at various temperatures in benzene (8). 
Extrapolation to zero solubilization was used to obtain an apparent critical 
micelle concentration (CMC). The slope of the linear line was taken to be 
the solubilizing power. The apparent CMC and the solubilizing power ex- 
pressed by the numbers of moles of water per mole of detergent are col- 
lected in Table I. In these systems, at least, the solution containing a 
detergent of a longer hydrocarbon chain has the higher CMC. 

The results obtained above are for micelle formation in nonpolar solu- 
tions saturated with water. Behavior of related systems in the absence of 
water is being studied by another method (13). 
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ERRATUM 
Volume 11, Number 6, in the article entitled “Flocculation, 
Subsidence, and Filtration of Phosphate Slimes. III. Subsid- 


ence Behavior’ by Robert H. Smellie, Jr., and Victor K. 
La Mer, on page 730, line 3 should read: 


« is evident from the above and from Eq. [4] thatv = v i ‘ 
p 
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ABSTRACT 


Measurements have been made of the changes in concentration accompanying 
formation of large surface areas from solutions of pure sodium lauryl sulfate. The 
adsorption rises until the critical micelle concentration is reached and then remains 
constant with a maximum area per molecule of 40 A?. 

In the three-component system sodium lauryl sulfate, lauryl alcohol, and water, 
no distinction could be shown above or below the surface transition temperature for 
the adsorption of lauryl alcohol and sodium laury] sulfate. 

Only a monolayer of the two adsorbed materials is necessary to give slow draining 
films below the transition temperature. 


This paper describes a direct measurement of adsorption at the surface of 
aqueous solutions of pure sodium lauryl] sulfate. An account is also given of 
the adsorption of lauryl alcohol (LOH) dissolved in aqueous solutions of 
sodium lauryl] sulfate (SLS). A comparison is made of the adsorption above 
and below the sharp and reversible transition temperatures known to occur 
in the rate of drainage of foams and single films given by solutions of these 
two surface-active agents (1, 2). 

The general approach has been the measurement of the decrease of con- 
centration which accompanies the formation of a large known surface area 
through the generation of a column of equilibrated single bubble-size foam, 
using pure materials. In earlier work in this laboratory such foams were 
employed to show that minima in surface tension-concentration curves 


. could be removed by preferential adsorption of the alcohol (3) and also to 


demonstrate the existence of sharp transition temperatures in foam drain- 
age (4). 

Other approaches to adsorption measurements in the past have been the 
“moving bubble” method of Donnan and Barker (5) and the microtome 
method of McBain and his co-workers (6). More recent work has involved 


the use of radiotracers (7). 


1 Present address: American Cyanamid Co., Bound Brook, New Jersey. 
2 Present address: Onyx Oil and Chemical Co., Jersey City, New Jersey. 
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EXPERIMENTAL 
Materials and Preparation of Solutions 


The SLS used in this investigation was prepared by the method of 
Dreger et al. (8). The absence of minimain the surface tension-concentration 
curve indicated that it was free of higher homologs. The nonformation of 
slow draining films at concentrations below the critical micelle concentra- 
tion (CMC) and at temperatures down to 0°C. showed it to be free of LOH 
or similar surface-active impurities (2). We consider the absence of slow 
draining films to be equivalent to the absence of material conferring high 
surface viscosity, and our examination was directed to the region most 
sensitive to surface-active impurities. This view is in agreement with the 
recent findings of B. C. Blakey and A. C. S. Lawrence (9). 

The LOH was a portion of the material used in the sulfation and therefore 
free of higher homologs, as shown by the surface tension-concentration 
curves of the SLS. 

The solutions were prepared gravimetrically on an analytical balance 
using water which had been redistilled from an all-Pyrex apparatus. 


Description of Foam Adsorption Apparatus 


Foam was generated in a cylindrical column while being continuously 
wetted by circulation of the solution (Fig. 1). All parts in contact with the 
solution and foam were made of Pyrex glass with the exception of the 
platinum-rhodium spinneret used to form the bubbles. The stopcocks were 
smoothly ground and not greased. The spinneret of thimble shape had 40 
holes 0.003 inch in diameter and was fitted on a male glass tapered joint. 

The air used to generate the foam was obtained by displacement from a 
20-liter carboy through flow of water from a constant-level reservoir. The 
air was passed through Ascarite and then scrubbed by passage through 
distilled water. A manometer gave the pressure at the entrance to the 
spinneret. 


Procedure 


A sample of solution of known weight was placed in the bubbler vessel at 
the lower part of the column and the system closed. Pumping of the solution 
through the recycling system was started as soon as the air was admitted 
to the spinneret. Alternate compression and release of the rubber bulb 
connected to the all-glass pump caused solution to be pushed up the capil- 
lary tubing and through the overflow cup at the top of the column. Solution 
did not pass beyond the safety bulb between the glass pump and the rubber 
bulb. The overflow cup prevented the formation of bubbles in the capillary 
during the decompression stroke of the pump. The liquid flowed down the 
solid Pyrex rod which served to carry and distribute the solution to the 
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Fig. 1. Foam adsorption apparatus. 


foam. The solution recycling rate used was about 4 ml./min. and the total 
liquid in the pumping system was 5 ml. No part of the liquid failed to cir- 
’ culate and in all experiments thorough mixing for several minutes before 
withdrawal of a sample of bulk liquid was found adequate. 


Bubble Size Measurement; Volume of Foam 


Bubble size was measured by photographing the wet foam against a 
scale calibrated in millimeters on the column and then determining the 
average bubble diameter from photographic enlargements. The parallax 
due to the differing positions of the plane of the scale and the plane of the 
measured bubbles was negligible. With the spinneret over a wide range of 
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concentrations and flow rates the variation in bubble size was negligible. At 
the pumping speeds employed the foam was sufficiently wet to keep the 
bubbles essentially spherical. Any correction for distortion would be 
exceedingly small under these conditions, since they were very far from 
being polyhedra (10). The amount of foam at the top which was not effi- 
ciently rewetted with the recirculating solution was negligible and there 
was no visible heterogeneity. The total error in the volume of the air in the 
foam is estimated to have been less than 0.5%. 


Analysis of Solutions 


Calibration curves over the range of concentrations of SLS studied were 
obtained with a Zeiss interferometer using gravimetrically prepared solu- 
tions. To avoid band skipping the concentrations were closely spaced (11). 
The plots of units of refraction against concentration were fitted well by 
straight lines above and below the CMC and gave as its value 0.234% 
(0.813 X 10-2 moles/liter), in excellent agreement with the values obtained 
by other methods (12). 

The change in concentration of SLS was determined by comparison with 
the initial solution or with a standard solution. In the experiments with 
SLS alone the change in concentration was of the order of 0.007 g./100 g. 
solution, and this change could be measured on the interferometer with an 
accuracy of about +0.00014 g./100 g. solution. 


Experiments with Added LOH 


In the first series of experiments with added LOH two optical windows 
with engraved scales were provided so that the bubbles could be photo- 
graphed accurately. The column was jacketed and the outside tubing was 
thermostatted to the same temperature as the column by means of well- 
lagged electrical wrapping supplied with thermocouples. A jacketed coil 
was inserted just above the bubble trap and was regulated by the same 
source as the column jacket. The central rod was replaced with a closed 
tube carrying a thermocouple which reached the bulk solution below. 

For the second series of experiments with added LOH the bubble chamber 
and all parts for pumping were removed in order to reduce the volume of 
liquid. By means of standard tapers the spinneret and a sampling tube were 
attached to opposite ends of the column. Equilibrium was established by 
manual rocking and rotation of the column. The expansion ratio attained 
was greater than 750 cm area/ml. solution. 

Analysis for LOH was based upon the separate determination of the film 
drainage transition temperature for the given sample, the relation to the 
concentration of each component having been calibrated previously (2). In 
the final series described, cationic titration with methylene blue as indicator 


was used for chemical determination of SLS with an accuracy of about 2 
parts in 300. 
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TABLE I 
Adsorption of Sodium Lauryl Sulfate 


S P R ie) T Q WwW 


Concentration initial soln. 0.4356} 0.6548} 0.8701) 1.053 | 1.393 | 1.741 | 2.671 
(moles/liter) X 10? 


Change in concentration, 0.023 | 0.026 | 0.028 | 0.027 | 0.029 | 0.029 | 0.035 
(moles/liter) 10? 
Volume of soln., ml. 70.0 {70.0 {70.0 {65.0 {|70.0 /70.0 {60.0 


Average bubble diameter, {ESO} LSO Re McS08 PSO ree 308 M80 ole 30 
mm. 
Volume of air in foam, ml. 1040 1040 1040 1040 1060 1040 1070 
Surface area of foam, cm.? 48000 | 48000 | 48000 | 48000 | 48920 | 48000 | 49385 
Moles adsorbed X 105 TO2Z Ma le Sime eleo (ame Some el eOOm lOO atnO8 
Moles adsorbed per cm.? of | 3.37 | 3.88 | 4.10 | 4.00 | 4.07 | 4.15 | 4.00 
surface X 10!° 
Area/molecule, A? 49.3 |42.8 /40.5 |41.5 |40.7 |40.0 (41.5 


RESULTS AND D1IscussION 
Adsorption of SLS 


In Table I the results of seven adsorption runs at 24° to 26°C. are given 
for various concentrations of SLS. The derived values for the moles ad- 
sorbed per square centimeter of surface and the area per molecule are 
plotted in Fig. 2 as a function of concentration. The adsorption rises until 
the CMC is reached, where the values of adsorption and the corresponding 
areas per molecule become essentially constant. The value 4.06 < 10~%° 
moles/cm.? taken as the average over the flat portion of the curve, corre- 
sponds to a surface area per molecule of 40 A’ as compared with the value 
of approximately 20 A? assigned to a closely packed monolayer of oriented 
hydrocarbon chains. It appears that an adsorbed film of SLS is of the 
expanded or gaseous type, both below and well above the CMC—a con- 
clusion also reached by Brady through the consideration of surface tension 
and surface viscosity data (13). 

By combining according to the Gibbs adsorption theorem careful surface 
tension measurements and activity coefficients calculated from the Debye- 
Hiickel theory, Brady arrived at the value 38 A? for highly purified SLS 
near the CMC. 

The values we have found are at variance with the radiotracer values of 
Ruyssen and Maebe (14) which continued to increase beyond the CMC. We 
do not know why the two techniques have produced such different results. 
It is clear that all methods must meet common requirements of purity of 
materials and exacting care in the prevention of surface contamination. It 
is our feeling that the restricted surface areas employed until now with 
radiotracer techniques may introduce difficulties which are avoided by the 


techniques we have adopted. 


350 WILSON, EPSTEIN AND ROSS 


Constancy of pH on Exhaustive Foaming 


It has long been known that the common soaps hydrolyze in aqueous 
solutions and that the weak acid is selectively adsorbed at an air-solution 
interface. On the other hand, the sodium alcohol sulfates being strong 
electrolytes do not undergo hydrolysis in solution to the alkyl] sulfuric acid 
except possibly at very low pH. It has been suggested that surface hydrol- 
ysis may take place, in particular with dilute SLS solutions of pH range 
5.5-7.9 (15). Several measurements of the pH of unbuffered SLS solutions 
before and after exhaustive foaming with carbon dioxide-free nitrogen are 
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Fic. 2. Surface adsorption of sodium lauryl sulfate. 
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TABLE II 
pH Changes of Exhaustive Foaming 


Vol. Soln. Taal gone. Vol. foam, pH before pH after 


(ml.) (% (liters)> foaming foaming 
60 0.324 14.2 5.62 5.76 
60 0.362 15.3 5.90 5.89 


° Final concentration approximately 0.10%. 
> Bubble diameter 1.3 mm. 


reported in Table II. The changes in pH that were observed in these experi- 
ments are negligible, and similar results were obtained when air was used 
instead of nitrogen for foaming. We were unable to confirm the result of 
Cooke and Talbot, who state that “however the hydrolytic adsorption may 
perhaps be due to fatty acid impurity in sodium laury] sulfate” and report 
the presence of definite minima in their surface tension curves. 


Adsorption of LOH in Presence of SLS 


Sporck (16) has pointed out the importance of measuring the adsorption 
of the two surface-active components in both the slow and fast draining 
foams. For the SLS, he obtained values from which those given below do 
not differ significantly. For the LOH Sporck used radiotracer methods 
which he felt were not entirely satisfactory. The film drainage transition 
temperature being a definite physicochemical property which is a sensitive 
function of the concentration in the bulk of the two surface-active com- 
ponents, we have used it as a satisfactory tool for measuring changes in the 
composition of the bulk solution. 

Two different approaches were chosen in the foam experiments. In the 
first, a large surface area of foam was generated in increments at constant 
temperature from a solution of known mass and composition. The condi- 
tions were such that the foam passed from slow to fast draining during the 
course of the foam generation by depletion of the alcohol in the bulk liquid 
(cf. Fig. 1, Ref. 2). After each increment, a sample of liquid was removed 
for analysis, and the sum of these samples was both small and known. Such 
an experiment gave a value of the foam expansion needed to yield a transi- 
tion under the given conditions and a preliminary estimate of the magnitude 
of the adsorption. 

Three experiments were carried out at a temperature of 25°C. The initial 
concentrations were 0.200% SLS and 0.002% LOH; final concentrations 
were approximately 0.197% SLS and 0.00015 % LOH. In each experiment, 
the region of transition was noted. 

On either side of the transition the amount of LOH adsorbed was of the 
order of 4 X 10- moles/cm.”. It was therefore inferred that with respect 
to the LOH all that is needed to sustain the slow draining condition is a 


monolayer. 
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TABLE III 
Adsorption above and below the Transition Temperature 
SLS, initial, g./100 g. soln. 0.3003 
LOH, initial, g./100 g. soln. 0.0118 
FDTT, initial soln., °C. 30.3 
Weight of solution taken, g. 49.74 49.7% 40.0 40.0° 
Volume of foam, ml.°¢ 700 700 750 700 
Mean diameter of bubbles, mm. iL? 1.5 1.5 Wey 
Jacket temp. at Ist sampling, °C. 22 31 22 30.5 
(before transition) 
Weight Ist sample, g. 10 10 10 10 
FDTT, ist sample, °C. 27.8 27.5 25.4 25.9 
SLS by titration, g./100 g. soln. 0.2946 0.2935 — 0.2917 
Jacket temp. at 2nd sampling, 30 22 30.5 23.5 
°C. (after transition) 
FDTT, 2nd sample, °C. 27.9 27.7 25.7 25.9 
SLS by titration, g./100 g. soln. 0.2898 0.2945 — 0.2878 
LOH, after foaming, g./100 g. 0.0076 0.0074 0.0055 0.0058 
soln.¢ 
LOH adsorbed, moles X 10!°/cm.? 4.6 3.9 4.5 4.6 
SLS adsorbed (average), moles X 5.7 Boll — 5.2 


101°/cm.? 


* Rising temp. expt. 

> Falling temp. expt. 

© Maintained unchanged with temperature by keeping system closed. 
4 From average FDTT of samples. 


The results facilitated planning a second approach in which a foam with 
a known large area was examined at temperatures which bracketed the 
transition temperature, a small sample of liquid being withdrawn at each 
temperature. Using the simplified procedure described in the experimental 
section, it was found by numerous experiments not recorded here that it 
was of first importance to establish equilibrium. 

Four experiments are given in Table III. In these a concentration of SLS 
was selected which was above the CMC to ensure complete solubility of the 
lauryl alcohol, yet sufficiently low to obviate the necessity for very large 
volumes (surface areas) of foam. The lower temperature of the experiments 
was chosen as sufficiently high to be above the temperature at which solid 
adduct of SLS and LOH is precipitated (Ref. 2, Fig. 4). 

The drop in transition temperature accompanying foam formation was 
2.5° to 5.0°C. This drop accompanies the change in bulk concentration of 
both surface-active components. The SLS concentration was determined 
by chemical analysis, and this knowledge in turn permitted the determina- 
tion of the LOH concentration from the known curves relating composition 
to transition temperature (Ref. 2, Fig. 2). 

In the first of each pair of experiments (Table III) the transition was 
from slow to fast draining; in the second in the opposite direction. The 
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TABLE IV 
Adsorption Results below the Transition Temperature® 
SLS, initial, g./100 g. soln. 0.250 0.300° 0.400 
LOH, initial, g./100 g. soln. 0.0098 0.0118 0.0157 
FDTT of foamed soln., °C. 31.6 27.8 24.6 
LOH adsorbed, moles X 10!°/em.? 3.9 4.6 4.0 
SLS adsorbed, moles X 10!9/cm.? 3.4 7 5.1 


* Bubble size, weight of solution, and volume of foam were the same as in the first column of data, 
Table III. 
> From Table III. 


agreement of the data was accepted as satisfactory evidence of the attain- 
ment of equilibrium, ‘ 

It appears from the calculated values given in Table III that the adsorp- 
tion of the two surface-active components is of the same order. However, 
only limited significance is attached to the values given for the SLS because 
the change in concentration (8 parts in 300) is close to the precision of the 
titrations (2 parts in 300). With respect to the adsorption of LOH, the 
change in concentration which occurred during foaming was very large 
compared to the precision of the method of analysis. 

Upon transition there was no observed change in the magnitude of 
adsorption of the LOH, as shown by the closeness of the transition tempera- 
tures for the first and second samples. 

The experiment was repeated using other concentrations of SLS and 
different ratios of LOH. The results are summarized in Table IV, and it 
appears that over the region examined no differences in the adsorption 
above and below the transition were revealed. 

These results may be expected to have a bearing on the surface tension 
behavior of the system. The suggestion has been made that the transition is 
a phase change at the surface (2) and has been discussed in terms of thermo- 
dynamic equilibria among a system of quasi-phases, namely, surface, 
aqueous medium, and micelles (17). The transitions observed are for a 
reversible change occurring at constant pressure in a system at equilibrium, 
and the free energy of the process is zero. With rather simple assumptions, 
it may be considered that no change in surface tension occurs on transition. 
Respecting the slope of the surface tension-temperature curve, it is in 
general very small for solutions of surface-active agents over the micellar 
region, and in the light of the results given in Table IV, an observable 
change in slope at the transition is not to be expected. Observation by the 
pendant drop method of limited accuracy showed this probably to be the 
case, the value of the slope being less than 0.1 dyne/cm./°C. over a wide 
range of temperatures bracketing a transition. 

We consider, however, that significant changes in surface potential may 


occur on transition. 
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It is recognized that the adsorption of the LOH will be a function of the 
amount available. Data on the very interesting question of the relations at 
more widely differing transition temperatures were not obtained. We have 
shown that in solutions of pure SLS alone adsorption falls off below the 
CMC. This region, however, is the one over which solubilization of LOH is 
small. It is to be expected that strong adsorption of the LOH will persist 
below the CMC, and in fact foam fractionation can be most efficient in this 
region (3). With respect to the behavior of SLS below the CMC in the 
presence of LOH, we have no data of sufficient accuracy to be revealing. It 
may, however, be speculated that the LOH enhances the adsorption of the 
SLS, as indicated by the observation of high transition temperatures in this 
region and by the penetration experiments of Schulman and his coworkers 
e.g. (18). 

The authors appreciate the valued discussions and continued interest of 
L. Shedlovsky and G. D. Miles during the course of this work. 


CONCLUSIONS 


1. Direct adsorption measurements have been made in the system sodium 
lauryl sulfate-water. The adsorption rises until the critical micelle concen- 
tration is reached and then remains constant. The maximum value corre- 
sponds to a gaseous film with an area per molecule of 40 A?. 

2. At neutral pH surface hydrolysis does not occur in the foregoing 
system. 

3. In the system sodium lauryl sulfate-lauryl alcohol-water, to sustain 


either the slow or the fast draining condition, a monolayer of the two com- 
ponents is sufficient. 


REFERENCES 


ills “Gee G. D., Ross, J., anp SHEpuovsxy, L., J. Am. Oil Chemists’ Soc. 27, 268 
1950). 
2. Epstein, M. B., Wiuson, A., Jakos, C. W., Conroy, L. E., anp Ross, J., J. 
Phys. Chem. 58, 860 (1954). 
3. Mites, G. D., J. Phys. Chem. 49, 71 (1945). 
4. Epstein, M. B., Ross, J., anp Jaxos, C. W., J. Colloid Sci. 9, 50 (1954). 
5. Donnan, F. G., and Barker, J. T., Proc. Roy. Soc. (London), A85, 557 (1911). 
6. a aii J. W., and Woop, L. A., Proc. Roy. Soc. (London) A174, 286 
0). 
7. Reviewed by Dixon, J. K., Jupson, C. M., anv Sauter, D. J., “Study of ad- 
sorption at a solution-air interface by radiotracers”’ in ‘“Monomolecular Layers”’ 
(H. Sobotka, ed.), American Association for the Advancement of Science, 1954. 
8. Dreerr, EK. E., Kur, G. I., Minus, G. D., Saepiovsxy, L., anp Ross, J., ind. 
Eing. Chem. 36, 610 (1944). 
9, ret B. C., anp Lawrencz, A. C. §., Discussions Faraday Soc. No, 18, 270 
10. Marzxe, F. B., Proc, Natl. Acad. Sci. U. S. 81, 281 (1945). 


ADSORPTION OF SODIUM LAURYL SULFATE AND LAURYL ALCOHOL 355 


. Bausr, N., anp Fasans, K., ‘“‘Refractometry”’ in ‘‘Physical Methods of Organic 


Chemistry,’’ Vol. 1, Part 2, p. 1228. Interscience Publishers, New York, 1949. 


. WiuuiaMs, R. J., Putuuips, J. N., anp Myszzs, K. J., Trans. Faraday Soc. 61, 


728 (1955). 


. Brapy, A. P., anp Brown, A. G., in ‘“Monomolecular Layers.”’ 
. Ruyssen, R., anp Mazsez, J., Mededeel. Koninkl. Vlaam-Acad. Wetenschap. 


Belg. Kl. Wetenschap. 15, 5 (1958). 


. Coox, M. A., ano Tausot, E. L., J. Phys. Chem. 56, 412 (1952). 
. Sporck, C.R., J. Am. Oil Chemists’ Soc. 30, 190 (1953). 
. Epstein, M. B., Witson, A., GERSHMAN, J., AND Ross, J., J. Phys. Chem. 60, 


1051 (1956). 


. GopparD, E. D., anp Scnutman, J. H., J. Colloid Sci. 8, 329 (1953). 


JOURNAL OF COLLOID SCIENCE 12, 356-362 (1957) 


THERMAL FORCES ON AEROSOL PARTICLES IN A THERMAL 
PRECIPITATOR 


C. F. Schadt and R. D. Cadle 


Stanford Research Institute, Menlo Park, California 
Received November 12, 1956 


ABSTRACT 


The generally accepted theory of thermal precipitation predicts that aerosol par- 
ticles having high thermal conductivity would be very difficult to collect. However, 
no such difficulties have been reported in the literature. Accordingly, a study has 
been undertaken of the thermal forces on aerosol particles under greatly differing 
conditions of particle size, thermal conductivity of the particles, and temperature 
gradient. Thermal gradients were produced with a commercially available (Casella) 
thermal precipitator, using a ribbon filament. Thermal forces were calculated from 
the width of deposit, using the Stokes-Cunningham equation. 

The thermal forces on stearic acid particles were almost precisely those predicted 
by radiometer theory (Epstein’s equation). The effect of particle size and of magni- 
tude of thermal gradient were essentially those expected. However, the thermal 
forces on sodium chloride and iron particles were 20 to 40 times the values predicted 
by theory, although there was a decrease in thermal force with increasing thermal 
conductivity. Possible reasons for these results are discussed. 


The chemical analysis of aerosol particles is generally a two-step process. 
The first step involves collecting the particles from a sample of the aerosol. 
The second step involves the analysis of the collected material, as by the 
methods described by Cadle (1), Lodge (2), and Crozier (3). One of the 
most useful methods for collecting aerosol particles, especially in the size 
range of 0.1 to 10 » diameter, is by thermal precipitation. A number of 
so-called thermal precipitators are commercially available. All of them 
depend for their action on the force on a particle in a thermal gradient. The 
thermal gradient is produced by a source of heat, which may be a wire or 
ribbon filament, or plate, and a colder surface, usually a microscope slide 
or cover slip, on which the particles are collected. 

At least two theories have been proposed to explain the thermal forces. 
One is that a particle in a thermal gradient is subjected to a stronger 
molecular bombardment from the direction of the heat source. Cawood 
(4) developed a mathematical relationship based on this concept. Another 
explanation is based on radiometer theory. According to this theory, if 
a temperature gradient exists along a surface, desorbed molecules have a 
greater component of velocity in the direction of increasing temperature 
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than in the absence of a temperature gradient. If the surface is that of a 
particle, the particle moves down the temperature gradient as a result 
of the reaction force. Epstein (5) derived the following expression, based on 
radiometer theory, for the force on a sphere: 


serail a 
F,/= 91a(——*___.) [1] 


where Ff, = thermal force, dynes 

radius of particle, cm. 

thermal conductivity of the gas, cal./sec. em. °K. 
thermal conductivity of the sphere, cal./sec. em. °K. 
viscosity, g./em. sec. 

density of gas, g./c.c. 

absolute temperature, °K. 

= temperature gradient prevailing in the gas, °K./cm. 

Rosenblatt and La Mer (6), using tricresyl phosphate droplets, and 
Saxton and Ranz (7), using paraffin oil and castor oil droplets, found satis- 
factory agreement between experimental data for thermal forces and 
Epstein’s equation. There was marked disagreement with Cawood’s 
equation. 

The thermal conductivities of the materials used in the above investiga- 
tions were relatively low. Epstein’s equation predicts that aerosol particles 
having high thermal conductivity would be very difficult to collect by 
thermal precipitation because of the low thermal forces. However, no such 
difficulties have been reported in the literature, although thermal precipi- 
tators have been used for many years for many types of aerosols. Since the 
implications of Epstein’s equation impose a severe limitation on the use- 
fulness of an important analytical tool, a study was undertaken of the 
thermal forces on aerosol particles under greatly different conditions of 
particle size, thermal conductivity of the particles, and temperature 
gradient. Each aerosol had a narrow particle size distribution. The dis- 
persed phase of the aerosols consisted of stearic acid, sodium chloride, or 
carbonyl iron. Thermal gradients were produced with a commercially 
available (Casella) thermal precipitator using a ribbon filament. Thermal 
forces were calculated from the width of deposit using the Stokes-Cun- 


ningham equation. 
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EXPERIMENTAL 
The stearic acid was obtained from the Eastman Kodak Company and 
was redistilled. Aerosols of stearic acid were prepared using a condensa- 
tion-type generator (8). Particle sizes were determined using the “owl” 
(9) and microscopic examination of the collected particles. Most of the 
aerosols exhibited higher order Tyndall spectra, indicating that they were 
nearly monodisperse. 
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The sodium chloride was reagent grade and was not further purified. 
Aqueous solutions were dispersed using an aspirator-type aerosol generator 
similar to that described by Cadle and Magill (10). The newly formed 
aerosols were passed through a bed of glass beads to remove the larger 
particles. Evaporation of the water droplets left an aerosol of sodium 
chloride crystals. Size distributions of the aerosol particles were determined 
by preparing electron micrographs of particles collected with the thermal 
precipitator. The size of the suspended salt crystals was varied by varying 
the concentration of the salt solution. A typical size distribution is shown 
in Fig. 1. 

Carbonyl iron was obtained from the General Dyestuff Corporation. 
Chemical analysis showed that it contained 97.3% iron. The iron dust was 
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TABLE I 
Dimensions of Thermal Precipitator 
Filament width 1.4 mm. 
Length of exposed filament 10 =mm. 
Distance from filament to each cover slip 0.15 mm. 


dispersed using dust-dispering apparatus previously described (10). A single 
particle size distribution was used, which was determined by microscopic 
examination of the collected particles (Fig. 1). 

A line drawing of the thermal precipitator has previously been published 
(11). The usual wire heating filament was replaced with a ribbon filament. 
The aerosol was drawn past the hot filament by allowing water to flow from 
the lower chamber. The particles were collected on microscope cover slides 
located on opposite sides of the hot filament. Some of the dimensions of 
the precipitator are shown in Table I. Temperature gradients were de- 
termined using a copper-constantan thermocouple made from 1-mil wire. 

A typical run consisted of generating the aerosol, drawing it through the 
thermal precipitator using a predetermined air flow rate and thermal 
gradient, and measuring the widths of the deposits on the two cover slides. 

Heat flow calculations indicated that a linear temperature variation was 
achieved between the warm and cold surfaces. 


RESULTS AND CALCULATIONS 


The results, expressed as the average width of deposit on the two cover 
slides, are presented in Table II. So long as the width of deposit was less 
than the width of the ribbon, the width of deposit was controlled by the 
time required for the particles nearest the filament to travel to the cover 
slides. For a given air flow rate this time was determined by the thermal 
forces on the particles. 

Theoretical deposit widths were calculated, making the assumptions that 
the flow between the filament and the cover slips was laminar, and that the 
thermal gradient was uniform across the filament. Thermal forces were 
calculated using Epstein’s equation. Terminal velocities normal to the 
filament were then calculated from the Stokes-Cunningham equation: 


v = F,(1 + AL/a)/6rna [2] 


velocity of particle normal to the filament, cm./sec. 
constant related to the coefficient of slip. AL taken to be 0.82 
</10>* ent. 

L = mean free path of air molecules, cm. 
Theoretical deposit widths were then calculated from the values of v and 
of the rate of air flow through the precipitator. The theoretical widths are 
included in Table II. In order to facilitate comparison of the different types 
of aerosol materials, values of F',/aG were calculated from observed deposit 
widths using Eq. [2] and are shown in Table IT. 


where v 


A 


360 SCHADT AND CADLE 


TABLE II 
Theoretical and Observed Widths of Particle Deposits 
‘ Average oe) 
eee a Thermal Sampling oath of ees F:/Ga (dynes/°K.) 
nets San Gena depostt cep Experimental Theoretical 
Stearic Acid 
5 2230 Bi 0.16 0.12 2.69 * 1077 3.68 X 107 
4230 3.2 0.10 0.063 2.29 
4230 6.7 0.15 0.13 3.14 
6730 6.7 0.11 0.083 2.94 
2 2230 3.0 0.11 0.105 3.54 
9800 3.0 0.06 0.024 1.46 
6730 7.5 0.12 0.088 2.66 
6730 15.0 ORL? 0.174 3.46 
1 2230 2.2 0.08 0.073 3.30 
2230 3.0 0.12 0.098 3.03 
0.3 8270 2.2 0.037 0.015 1.43 
1600 3.0 0.056 0.104 6.66 
2230 3.0 0.070 0.074 3.94 
8270 4.0 0.047 0.027 2.06 
Sodium Chloride 
0.4 2230 3.2 0.13 3.06 2.40 9.85 X 107° 
5360 3.2 0.077 1.35 1.70 
5360 6.4 0.082 2.70 3.20 
8270 6.4 0.066 1.74 2.58 
8270 16.7 0.12 4.57 3.72 
0.2 2230 2.5 0.13 1.94 1.49 
2230 5.0 0.11 3.92 3.52 
4230 Uoll 0.056 3.14 5.46 
5360 UP 0.092 2.36 2.50 
8270 That 0.068 1.49 2.15 
Iron 
1 8300 5 0.168 12.8 0.96 9.55 X 1071° 
8300 2 0.132 5.1 0.48 
8300 1 0.084 2.6 0.38 
8300 1 0.085 206 0.38 
5400 i 0.144 3.9 0.36 
5400 0.5 0.060 2.0 0.40 
5400 0.5 0.095 2.0 0.25 


* Based on Epstein’s theory of thermal force and on Stokes’ law with Cunningham correction. 


The following values for thermal conductivities were used in making 
the calculations: 


Stearic acid 3.0 X 10 cal./cm. sec. °K. 
Sodium chloride 1.55 X 10- cal./em. sec. °K. 
Tron 0.16 cal./em. sec. °K. 


Air 5.9 X 10-5 cal./em. sec. °K. 
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Discussion 


Quite good agreement was obtained between the observed and calculated 
deposit widths for stearic acid aerosols. As would be expected, increasing 
the thermal gradient and decreasing the sampling rate decreased the width 
of the deposit. Decreasing the particle size likewise decreased the deposit 
width. The effect of particle size agrees with theory; when the expression 
for Ff; from Eq. [1] is substituted in Eq. [2], a cancels out except in the 
term AL/a representing the Cunningham correction. 

The calculated deposit widths for the sodium chloride particles averaged 
nearly 30 times the observed widths, although again increasing the thermal 
gradient and decreasing the sampling rate decreased the deposit width. 
Similar results were obtained with the iron, the calculated deposit widths 
averaging about 40 times the observed widths. 

If Eq. [1] and [2] are correct, the values of the parameter F,/aG calculated 
from the observed deposit widths should be nearly constant for a given 
material, but decrease with increasing thermal conductivity of the particles. 
Such a decrease was in fact observed, but it was much less than the decrease 
in 


oF Ge 7 
2he + ki} pT 
which, by Eq. [1], should equal F',/aG (Table II). The average experimental 
values for F,/aG for stearic acid, sodium chloride, and iron were 3.07 X 
10-7, 2.87 & 10-7, and 0.45 X 10-7 dynes/°K., respectively. 

The possibility that electrical forces were responsible for the discrepancies 
between observed and calculated deposit widths was considered. This 
possibility was essentially eliminated by the following considerations: 

1. One end of the filament was grounded to the metal head; thus the 
potential difference between the filament and the collecting surface (brass 
block) varied along the filament from nearly zero at one end of the sampling 
region to about 2 volts at the other end. There was no significant variation 
in the width of deposit from one end to the other. 

2. The width of deposit was nearly the same whether particles were 
collected directly on the brass blocks or on glass cover slips. Thus there 
was no electrostatic effect due to the presence of a glass surface. 

3. With no thermal gradient, but with glass cover slips in place, no parti- 
cles were deposited except for a very weak general background. 

The reason for the large discrepancies between the values for the thermal 
forces calculated from the experimental results and those calculated from 
Epstein’s equation is not known. Possibly the sodium chloride and iron 
particles had smaller thermal conductivities than the bulk material. 
However, it is also possible that Epstein’s equation gives very low results 
for the thermal forces when the thermal conductivities of the particles are 
relatively high. There are several possible explanations. One is that sim- 
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plifying assumptions used in the derivation of Eq. [1] are not justified. 
These assumptions were discussed by Saxton and Ranz. Another possi- 
bility is that the force resulting from differential molecular bombardment 
of particles in a thermal gradient is sufficiently large that it is a major 
part of the thermal force when the thermal conductivity of the particles is 
relatively high. 


From a practical standpoint, the results indicate that thermal precipita- 


tion is a much more generally satisfactory method for collecting aerosol 
particles prior to analysis than commonly accepted theory would indicate. 
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ABSTRACT 


The dynamic mechanical properties of 6-6 nylon, 6-10 nylon, and a nylon copoly- 
mer have been studied in the audio-frequency region over a temperature range ex- 
tending from about 80°K. to near the melting point by driving rodlike samples in 
their first transverse mode of oscillation. In all nylon types tested, four dispersion 
regions are observed, the first three being at temperatures of approximately 170°, 
250°, and 350°K. These dispersion regions appear both as peaks in the absorption 
curve and as relatively sharp drops in the resonance frequency curve. The magnitude 
and temperature positions of the damping maxima are dependent on the specific 
nylon type. Over parts of the temperature region the damping of 6-6 nylon depends 
on the thermal history and water content of the sample. Possible assignments for 
each of the observed dispersion regions in terms of molecular motion are given. 
Correlations between the dynamic mechanical data and the results of other physical 
measurements on the nylons are pointed out. 


I. INTRODUCTION 


A relatively new method for the elucidation of internal structure and 
atomic movement in solids involves the study of the internal friction or 
mechanical damping as a function of temperature and frequency. A variety 
of solid high polymers has been investigated to date. 

The most complete study of mechanical damping in the nylons is that of 
Schmieder and Wolf (1) using a torsional pendulum at low frequencies. All 
members of the series of nylons investigated by these authors showed four 
dispersion regions over the temperature range from 80° to 530°K. The loss 
peaks arising at temperatures below the main melting region were inter- 
preted in terms of cooperative movement of groups of atoms along the 
polymer chain residing in stressed and nonstressed amorphous areas. 

In addition to the investigation of various polyethylenes and other poly- 
mers carried out in these laboratories (2-4), the resonance frequency and 
damping behavior as a function of temperature from 80°K. to about 
550°K. of a number of nylon samples have been observed using a transverse 


1 This work was supported in part by a research contract with the Atomic Energy 
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vibration method. Samples of 6-6 nylon (polyhexamethylene adipamide), 
6-10 nylon (polyhexamethylene sebacamide), a copolymer containing 6-6, 
6-10, and 6 (caproamide) units, and irradiated 6-6 nylon were used. Some 
effects of thermal history and water content on the mechanical properties 
of 6-6 nylon samples were also observed. 

In this paper the results of this investigation will be presented and dis- 
cussed; an attempt will be made to correlate the observed changes in the 
mechanical loss with those changes observed in x-ray (5), dielectric loss 
(6), coefficient of expansion (7), heat capacity (8), nuclear magnetic 
resonance (9), and retractive force (10) measurements. 


II. EXPERIMENTAL 


1. Specumens 


The samples of 6-6 nylon, 6-10 nylon, and a copolymer containing 6, 
6-6, and 6-10 units were supplied by the Polychemicals Department, E. I. 
du Pont de Nemours and Company. The copolymer was received as a 14 
inch thick molded sheet, the other two types as rods of 4 inch and 4 inch 
diameter. Specimens from two separate 6-6 nylon batches were used. 
Samples 1, 3, 4, 5, 7, and 8 were machined on a lathe to dimensions of 
11.17 cms. in length and 0.762 cms. in diameter; sample 2 had the same 
length but was 0.635 cms. in diameter, and sample 6 was machined to a 
length of 10.49 cms. and a diameter of 0.863 ems. All samples except num- 
bers 2 and 3 were then stored in a desiccator prior to use. Densities of the 
three polymer types after extended desiccation and heating to 90°C. for 13 
hours, measured by a displacement method with ethyl alcohol as the liquid 
at 25°C., were found to be 1.150, 1.082, and 1.104 g./c.c. for the 6-6, 6-10, 
and copolymer samples, respectively. From the densities, per cent crystal- 
linities of 57 and 40 were calculated for the 6-6 and 6-10 nylons using 
amorphous densities of 1.069 and 1.042 g./c.c., respectively, and crystalline 
densities of 1.22 and 1.152 g./c.c., respectively, given by Starkweather and 
Moynihan (11). The per cent crystallinity of the copolymer was estimated 
from x-ray diffraction measurements at the Polychemicals Department of 
KE. I. du Pont de Nemours and Company as <10%; the approximate 
number-average molecular weights, measured in the same laboratories, 
are 17,000 for the 6-6 nylon and 12,000 for the 6-10 nylon. 

Two of the 6-6 nylon specimens were irradiated in hole number 12 of the 
X-10 graphite reactor at Oak Ridge, Tennessee. The slow neutron flux was 
8.8 X 10" n/em.?/sec., the cadmium ratio ~ 30, and the associated y-flux 
6.9 X 10° r/hr.; the average y-ray energy was 9 Mev. Sample number 4 
received a dosage of 5.1 X 10'°n.v.t. and sample number 5 a dosage of 1.1 X 
10'S n.v.t., where the n.v.t. value is the integrated thermal neutron flux in 
neutrons/cm.?. 


Two thermal treatments were given samples 1, 4, and 5 prior to certain 
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test runs. These treatments were: (1) heating to 475°K. in a prior test, then 
cooling back to room temperature in the oven over a period of about 12 
hours, (2) annealing at 450°K. for 1 hour in an inert medium, then air 
quenching at room temperature (samples 4 and 5), and (8) heating to 
450°K. and cooling back to room temperature over about a 12-hour period 
(sample number 1). The heat treatments which each sample received are 
noted in the figures given in Section III. 

Prior to testing, sample number 3 was conditioned at 100% humidity at 
75°-80°C. for 32 days. An increase in weight of 5.4% was found after about 
15 days of this treatment, with no further increase being observed during 
the remaining time. 


2. Procedures 


Each sample rod was hung in a horizontal position from cotton threads 
and was driven by a transducer attached to one thread while its response 
was noted at the other thread. An auto-recording apparatus, discussed 
elsewhere (12), was employed for measuring the resonance frequency and 
damping of the specimen. Temperatures below 300°K. were attained by 
using liquid nitrogen. Dewar flasks or a conventional oven provided the 
thermal isolation necessary. A drift method (12) was employed to permit 
measurements at any temperature in this region. Above 300°K. electrically 
heated ovens, permitting automatic or manual temperature control, were 
employed. 


III. Resuuts 


The results expressed in terms of the resonance frequency, fo, and the 
internal friction, Q~, as functions of temperature are given for a number of 
specimens in Figs. 1-8. (Q-! = Af/fo, where Af is determined by measuring 
the width of the resonance curve at the half-power points.) As is evident 
from the figures, the damping curves for all three nylon types show four 
dispersion regions over the temperature range from 80°K. to the tempera- 
ture where sagging of the samples prevented further measurement. These 
dispersions are found at about 170°, 250°, 350°K. and near to the melting 
or final softening temperature. Generally the heights of the loss peaks and 
the specific temperatures at which these maxima occur are found to differ 
from one type of nylon to another; noticeable differences are also seen for 
samples of the same nylon which have undergone different thermal pre- 
treatments or which contain different amounts of water. It is found that the 
occurrence of a damping peak is generally accompanied by a drop in the 
resonance frequency, the rate of this decrease being greater when the rate of 
increase of the damping is greater and/or the peak is higher. This behavior 
has been noted previously for some polyethylene samples (4). 

In Fig. 1 the data obtained for a 6-6 nylon sample are given. By com- 
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(CPS) 


FREQUENCY 


TEMPERATURE — °K 


Fic. 1. Resonance frequency and damping versus temperature for 6-6 nylon. 
Sample 1: (O) after 1 month in desiccator (test N-1), data taken from 
reference 13; 
(@) after 16 months in desiccator (N-2); 
(A) after slow cooling from 475°K. (N-3); 
(Ml) after slow cooling from 450°K. (N-19). 


parison of curves N-1 and N-2 it is noted that storing this sample in a 
desiccator for 16 months over a drying agent has caused a shift of about 20° 
to higher temperatures in the damping curve around the room temperature 
region. After continuing test N-2 to 475°K., the sample was allowed to cool 
slowly to room temperature and a new run (N-3) was made over the tem- 
perature region of 100° to 300°K. Although the 170°K. dispersion region 
was essentially the same, a marked decrease in the height of the 250°K. 
peak had taken place. The sample was again heated (to 450°K.) and al- 
lowed to cool slowly to room temperature. Its dynamic mechanical behavior 
was then studied from room temperature to near its melting point. The 
results indicate (run N-19 vs. run N-2) a small increase in the peak tem- 
perature in the 350°K. region accompanied by a small increase in the damp- 
ing maximum. The fact that in the 300°K. region the damping values for 
this run (V-19) do not coincide with the values first obtained for the heat- 
treated sample (run N-3) is not explainable at this time. This type of 
behavior was also observed for a nylon copolymer, as pointed out below. 
Since earlier tests indicated that the water content of 6-6 nylon had an 
effect on the dynamic mechanical behavior, a nondesiccated sample 
(sample number 2) and a sample conditioned at 100% relative humidity 
(sample number 3) were run. In Fig. 2 the damping data for these two 


DYNAMIC MECHANICAL BEHAVIOR OF SOME NYLONS 367 


samples are compared with the results obtained for the desiccated sample; 
The resonance frequencies for sample 2, not shown in Fig. 2, were essen- 
tially the same over this temperature range as found for sample 1, test 
N-2. The resonance frequency for sample 3 dropped from 1150 to 550 
c.p.s. over the range from 246° to 305°K. The room temperature shift of the 
damping mentioned above was verified, and in addition the 350°K. peak 
was found to shift to lower temperatures accompanied by an increase in the 
damping maximum as the water content of the polymer was increased. 
The damping results for a 6-6 nylon specimen modified by a pile irradi- 
ation of 5.1 X 10'*n.v.t. (sample 4) are shown in Fig. 3. A shift of the curve 
to higher temperatures in the room temperature region, analogous to that 
for the nonirradiated samples, was found after extended desiccation (see 
curves N-10 and N-11). A rerun on the same sample after taking it to 475°K. 
and slow cooling to room temperature gave a decrease in the 250°K. peak 
(N-12) which is, however, not as great a one as found for the unirradiated 
sample; the curve from around 300° to 350°K. also shifts to higher tem- 
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Fia. 2. Damping versus temperature for 6-6 nylon as a function of water content. 
Sample 1: (@) 16 months in desiccator (N-2). 
Sample 2: (MB) as received (N-4). 
Sample 3: (A) 3 weeks at 100% relative humidity (N-18). 
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peratures. Further treatment of this sample by heating to 450°K. and air 
quenching causes the 250°K. dispersion region (see curve N -13) to exhibit 
a damping maximum which is larger than that found following slow cooling 
from 475°K. but is smaller than the original value. In the 350°K. region a 
marked increase in the peak height, an increase of area under the curve, and 
a shift of the peak to a higher temperature is found when the curve (N-13) 
is compared with the earlier test (N-11) made on this sample. However, a 
slower cooling rate accompanied by a higher annealing temperature ap- 
pears to shift this peak to a still higher temperature (compare N-12 and 
N-13). 

A series of tests similar to those described in the preceding paragraph 
was also made using a 6-6 nylon sample which had received a 1.1 X 10!8 
n.v.t. dosage in the Oak Ridge reactor. These results are shown in Fig. 4. 
A shift in the damping in the room-temperature region upon long desicca- 
tion, as was found for the 6-6 nylon samples described above, is apparent 
upon comparison of runs V-14 and N-15; the shift in this case, however, is 
less, being about 10°. Following annealing at 475°K. a slow cooling to room 
temperature no further shift is observed (test N-16) in this region—a 
different result from that found for the other irradiated 6-6 nylon sample. 
Cooling of this sample from 475°K. (N-16) or this treatment plus air 
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Fria. 3. Resonance frequency and damping versus temperature for irradiated 
6-6 nylon (5.1 X 10'8 n.v.t.). 
Sample 4: (@) after 1 month in desiccator (N-10), data taken from ref- 
erence 13; 
(MI) after 16 months in desiccator (N-11); 
(O) after slow cooling from 475°K. (N-12); 
(A) after annealing at 450°K. and room-temperature quench- 
ing (N-13). 
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quenching from 450°K. (N-17) appear to impart about the same effect on 
the damping in the 250°K. dispersion region. Both treatments cause a 
lowering of the maximum damping value, although this effect is not as 
marked as the similar one in the other 6-6 samples. The effect of the heat 
treatment on the 350°K. peak is to produce a marked increase, as revealed 
by comparison of the data for N-17 and N-15. In the region above 500°K. 
the resonance frequency, and therefore the modulus, shows an increase with 
increasing temperature, whereas the damping appears to pass through a 
sharp maximum and then level off. 

The difference in the damping for the 6-6 nylon and the two irradiated 
samples can best be illustrated by plotting the data on a common graph 
(Fig. 5). Little change is noted with irradiation dose in the low-temperature 
region. Near room temperature, the 10'8 n.v.t. sample shows a definite 
shift to higher temperatures—an effect which occurred in the other samples 
upon extended desiccation. Although the damping is similar for the un- 
irradiated and the 5.1 X 10!§ n.v.t. samples in the region from 300°K. to 
470°K. a dosage of 10!8 n.v.t. causes an increase in the height. Above 
470°K. marked differences are found for the three samples, the rise in the 
damping occurring at lower temperatures as the irradiation dosage is 
increased. 
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Fig. 4. Resonance frequency and damping versus temperature for irradiated 6-6 
nylon (1.1 X 108 n.v.t.). 

Sample 5: (@) after 1 month in desiccator (N-14), taken from reference 13; 

(MI) after 16 months in desiccator (N-15); 

(©) after slow cooling from 475°K. (N-16) ; 
(A) after annealing at 450°K. and room-temperature quench- 

ing (N-17). 
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Fie. 5. Effect of pile irradiation on the damping as a function of temperature 
for 6-6 nylon. Data taken from tests N-1, -2, -10, -11, -13, -14, -15, -17, and -19. 
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Fra. 6. Resonance frequency and damping versus temperature for 6-10 nylon. 
Sample 6: (@) 1 month in desiccator (N-6), data taken from reference 13; 
Sample 7: (@) 18 months in desiccator (N-7). 


In Fig. 6 the damping as a function of temperature for two 6-10 nylon 
samples is reproduced. Storing the 6-10 specimens in a desiccator causes 
only a slight shift to higher temperatures of that portion of the curve 
around the room-temperature region in contrast to the shift of 10°-20° for 
the 6-6 nylon samples. The two 6-10 nylon samples also show some differ- 
ences in the high side of the 250°K. peak. 

To investigate further the effect of structure on the internal friction of 
the nylons, a copolymer of 6-6 and 6-10 containing caproamide units was 
tested; the results are given in Fig. 7. The time in the desiccator between 
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the two runs was only three months. It is seen that the shift to higher tem- 
peratures found for 6-6 nylon has not occurred for the copolymer. Instead 
in the second run higher damping values than those found in the first run 
were indicated between 250° and 300°K. This unexplainable change causes 


_ the maximum value for the 250°K. region to be somewhat in doubt. 
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Fia. 7. Resonance frequency and damping versus temperature for a copolymer 
of 6-6, 6-10, and 6 nylon. 
Sample 8: (©) after 1 month in desiccator (N-8); 
(@) after 3 months in desiccator (N-9). 
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To facilitate comparison of the results for the three nylon types Fig. 8 is 
given (3). Owing to the differences in the damping found by runs on the 
same sample or on two samples of the same type, the exact nature of the 
curves around room temperature is in doubt. It can be seen in Fig. 8 that 
considerable differences exist in all four dispersion regions for the three 
nylon types. In the lowest temperature region where a peak is found, the 
damping maximum and the area under the curves increase in the order: 
6-6 nylon, 6-10 nylon, copolymer. In the next highest temperature range 
(about 250°K.) all three peaks show approximately the same height; how- 
ever, a shift in the damping maximum to lower temperatures for the 6-10 
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Fig. 8. Damping as a function of temperature for three nylons. Data taken from 
tests N-1, -2, -6, -7, -8, -9, and -19. 
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sample is indicated as compared to the others. In the next dispersion region 
around 340°K. a large increase in the height is shown for the copolymer as 
contrasted to the other two types, which show similar results. There is also 
a shift to lower temperatures for this peak in the order: 6-6, 6-10, copoly- 
mer, Finally, the temperature at which the highest temperature dispersion 
becomes apparent decreases in the order: 6-6, 6-10, copolymer. 


IV. Discussion 


A comparison of the damping curves given herein for 6-6 and 6-10 nylons 
with those published by Schmieder and Wolf (1) shows agreement concern- 
ing their general features, although the peak around 350°K. for 6-6 and 
that for 6-10 nylons were found to be approximately equal in height and area 
in the present work as contrasted with the reported differences; differences 
in the thermal history of the samples may account for this. The essentially 
amorphous copolymer shows similar behavior to that reported (1) for a 
quenched polyhexamethylene methyl pimelamide sample with little 
crystallinity. The four dispersion regions found in both investigations to 
occur in the vicinity of 500°, 350°, 250°, and 170°K. are designated herein 
as a, a’, B, and y, respectively. The higher temperatures found consistently 
for the loss peaks in this work as compared to Schmieder and Wolf’s are 
expected owing to the higher frequencies employed. On the assumption that 
the dispersions are rate processes, activation energies were calculated from 
the frequencies and temperatures at the maximum damping in the a’, 8, 
and y regions found in the two investigations. The activation energies in 
kilocalories for 6-6 and 6-10 nylons, respectively, were found to be 73 
(run N-2) and 163 for the a’ dispersion, 21 (run N-1) and 19-27 (runs N-7 
and N-6, respectively) for the 8 dispersion, and 21 (run N-1) and 20 for the 
y dispersion. Since data at only two frequencies are available and the 
thermal histories of the samples used in the two investigations are possibly 
different, these values are considered to give an order of magnitude only. 

The a@ region in the damping curves reflects the large amount of mobility 
that the polymer chains acquire upon melting of the crystalline portions. 
The shift in this region to lower temperatures as the number of CH)’s 
between amide groups becomes larger or more irregular agrees with known 
changes in melting points (14). 

The mechanisms advanced by Schmieder and Wolf (1) to account for 
the three loss peaks occurring at around 170°K. (y), 250°K. (6), and 350°K. 
(a’) essentially involve cooperative movement of either unstressed or 
stressed segments of the polymer chains in the amorphous regions. The 
data given here support their proposals to a certain extent, but to account 
for all the observations made during other types of measurements as well 
as dynamic mechanical ones, these mechanisms must be expanded and 


modified. 
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Recent retractive force measurements on 6-6 nylon (10) have indicated 
that two second-order transitions, one at 323°K., reported earlier (7), and 
the other near 383°K., take place in the temperature region encompassed 
by the a’ damping peak. (See Fig. 1.) Also, a crystalline transition which is 
complete at 436°K. has been reported from x-ray (5) and heat capacity (8) 
studies. 

Other experimental techniques have demonstrated that definite changes 
take place in the a’ region for the nylons. Dielectric loss maxima at high 
frequencies for 6-10 nylons (6) and relatively sharp decreases in line width 
in nuclear magnetic resonance measurements for 6-6, 6-10, and a 6-6, 6-10 
copolymer (9) have been reported in this temperature range. A ‘‘transition 
map” of temperature versus log frequency (15) for nylon 6-10 appears to 
correlate the electrical loss and the NMR transition with the mechanical 
loss peak at 340°K. A recent study by Boyd (16) has shown similar dielec- 
tric loss results for 6-6 nylon which also correlate well with the mechanical 
data. 

It has been proposed (1) that the lower temperature portion of the a’ 
peak in the vicinity of 330°K. is related to the onset of motion of large 
chain parts in the amorphous regions as the temperature is increased. The 
large activation energies for the a’ process in both 6-6 and 6-10 nylons 
indicate that large chain portions are involved. Other data given herein 
add further support to this contention. Since the magnitude of the damping 
in this region for the three polyamides (see Fig. 8) is in approximate accord- 
ance with the amounts of amorphous material present and the large number 
of hydrogen bonds which can form in amorphous areas (17), the motion 
occurring at these temperatures is probably a result of the breaking of 
hydrogen bonds in the amorphous parts (10). The decrease in the a’ trans- 
ition temperature in the order: 6-6, 6-10, copolymer as noted in both the 
mechanical and nuclear magnetic resonance (9) measurements is in agree- 
ment with this interpretation; the decrease in the crystallinity which takes 
place in that order would be accompanied by a decrease in the restraints 
which prevent the separation of the amide groups on adjacent chains in the 
amorphous areas. 

There is the possibility that the change in the crystalline structure re- 
ported as completed at 436°K. for 6-6 nylon (5) is reflected in the dynamic 
mechanical measurements accounting for part or all of the peak asymmetry 
in this region. A mechanical dispersion might be expected owing to axial 
rotation in the crystalline domains which must necessarily precede the 
transition (5). Part of the asymmetry found in 6-6 and 6-10 nylons may also 
be caused by the chain motion which is responsible for the second-order 
transition for 6-6 nylon at about 380°K. (10). This motion, thought to be 
an axial rotation of chain segments in the amorphous areas (10), could 
account for the slight asymmetry in the a’ peak for the essentially amor- 
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phous copolymer. Stressing of the amorphous portions of polymers brought 
about by crystalline restraints might be responsible for the broadening of 
dispersion regions, a phenomenon shown to occur in polyethylene tere- 
phthalate yarns (18). Although this may also happen in the nylons, this 
explanation does not necessarily account for the total asymmetry in the a’ 
dispersion, as proposed (1). 

The presence of water in 6-6 nylon was found to cause a decided shift of 
the maximum a’ damping to a lower temperature while increasing the 
height of the maximum. This effect may be due to a plasticization of the 
amorphous chain parts (19). An analogous shift has been noted in dynamic 
electrical measurements for both 6-6 and 6-10 nylons (6, 16). The greater 
magnitude of the shift in the a’ peak with a decrease in the water content 
for 6-6 nylon as compared to 6-10 nylon (see Figs. 1 and 6) is in accord with 
the larger equilibrium water absorption of the former (20). 

In the next lower dispersion region, designated herein as 6, a second- 
order transition has been reported at about 250°K. for 6-6 nylon (10). A 
transition at this temperature might be attributed to the development of 
movement of the -CH»- units between amide groups in the amorphous 
areas, but this explanation is not consistent with the thermal history 
dependence of the 6 peak reported here and the occurrence of a still lower 
temperature peak. It is seen in Figs. 1 and 3 that when a sample is given 
thermal treatments which would be expected to favor the formation of 
intermolecular hydrogen bonds across the amide groups, the peak height 
and area decrease with a corresponding increase in the a’ peak. This leads 
to the proposal that the 6 region in the polyamides is due to segmental 
motion involving amide groups in the amorphous regions which are not 
hydrogen-bonded to other amide groups. If this is the case then an electrical 
loss peak should occur in this region, as has been found recently by Boyd 
(16). 

The dependence of the y peak on the polyamide type tested and its 
proximity to the low-temperature peak in the polyethylene (1, 4, 21) and 
certain methacrylate esters (22) is in agreement with the proposal (1) that 
it is caused by the onset of cooperative movement of -CH2- groups between 
amide linkages in the amorphous parts. Owing to the increase in amorphous 
- content, the increase of the area under this curve is expected to be: copoly- 
mer > 6-10 > 6-6, which is found. The association of a higher temperature 
with the onset of chain motion involving amide groups (the 8 peak) as 
compared to that for similar movements of hydrocarbon units (the y region) 
follows from the higher polarity of the amide groups and the increase of 
stiffness in that part of the polymer chain. Both of these transitions might 
be expected to involve a much smaller number of chain segments than the 
number cooperating in the a’ process owing to the much smaller activation 


energies for the 6 and y processes. 
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Some preliminary results from a study of the effect of irradiation on the 
dynamic mechanical properties of 6-6 nylon have been presented in the 
preceding section. Since the exact nature of the changes taking place in 
the nylons upon irradiation is in doubt (23, 24), only a short and necessarily 
qualitative discussion of these results will be given at this time. 

One of the first effects expected upon introduction of enough cross-links 
into a crystalline polymer to give a three-dimensional system is that above 
the temperature where the remaining crystalline regions melt the polymer 
will exhibit rubber-like behavior. In mechanical measurements the rubbery 
state is usually characterized by a positive temperature coefficient for the 
modulus as is found from 530° to 560°K. for the 6-6 nylon sample which had 
been given a 1.1 X 10'8 n.v.t. irradiation dose (Fig. 4). Owing probably to 
decomposition of this polymer the resonant frequency and therefore the 
modulus decrease again at higher temperatures. Since this rubbery behavior 
was not evident for the sample exposed to a 5.1 X 10'* n.v.t. dosage, any 
cross-links introduced have acted principally to increase the molecular 
weight of the material to a point short of forming an infinite network. 

Below the crystalline melting temperature the introduction of cross- 
links which involve regular covalent bonds, as distinguished from those 
involving hydrogen bonds in the crystalline areas, would be expected to 
reinforce any effects due to the presence of crystallites alone. As the dosage 
is increased, however, the increase in the number of cross-links would 
cause a decrease in the crystalline order, as has been found for polyethylene 
(25). Cross-linking the solid polymer might also freeze the sample in a 
state determined by its previous thermal history. Heat treatment of such 
materials would then be unable to bring about as great a rearrangement of 
chains and alignment of dipoles as it would for an unirradiated sample with 
an identical thermal history. On the assumption that the 6 region is caused 
by movements of segments which include non-hydrogen-bonded amide 
groups, this freezing in of the structure would account for the result that 
the magnitude of the decrease in the 8 peak height after annealing is smaller 
for the 10!8 n.v.t. sample. The larger increase in the a’ peak for the irradi- 
ated samples as compared to the unirradiated upon heat treatment appears 
to reflect a decrease in the crystallinity due to rearrangements of the 


branched or network system to relieve strains introduced by the cross- 
linking reaction. 
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ABSTRACT 


The mass and heat transfer processes within finite clouds of water droplets are 
studied. Vapor concentration, temperature, and droplet size are described by con- 
tinuous field functions. A simple nonlinear differential equation is developed to 
govern the propagation of these fields in space and time. Solutions of an approximate 
linear equation are found in order to describe the initial stages of cloud evaporation 
and to illustrate two different types of boundary condition. 


I. INTRODUCTION 


Many studies have been made of the formation of clouds of water drop- 
lets in the atmosphere (e.g., Findeisen (1) and Howell (2)), and of the 
breakup and dissipation of such clouds as the result of precipitation (e.g., 
Findeisen (3)) and radiational energy transfer (4). These investigations 
have been concerned primarily with large-scale clouds existing under the 
relatively turbulent conditions provided by atmospheric temperature-lapse 
and wind patterns. 

It is of interest for micrometeorological and laboratory aerosol studies 
to examine in greater detail the heat conduction and vapor diffusion proc- 
esses existing within small and newly created clouds of volatile materials. 
The following paper will discuss, in Section II, the heat and vapor balance 
within idealized nonturbulent and initially homogeneous clouds of water 
droplets. In Section III a simple nonlinear differential equation will be 
derived to describe the progress of droplet evaporation in the various 
regions of the cloud. Although the emphasis in these two sections will be on 
spherical clouds, the basic results will be of general applicability. A linearized 
form of the cloud equation derived in Section III will be solved in Section 
IV for spherical clouds using two representative boundary conditions. 
In Section V some illustrative numerical examples will be given. 


Il. Heat anp Vapor TRANSFER WITHIN THE CLOUD 


a. Discussion 


Most of the vapor and temperature gradient surrounding an evaporating 
spherical drop lies within a few radii of the drop surface. As is customary, it 
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will be assumed in the following paper that the individual cloud droplets 
are sufficiently far apart for the average vapor pressure and temperature 
of the immediately surrounding medium into which they evaporate to be 
described by simple scalar ‘‘field” functions of space and time. This re- 
quirement that the drop separation be large relative to the drop radii will 
be seen in Sections III, b and V, a to be satisfied for a variety of clouds. 
This assumption permits the use of differential vapor and heat diffusion 
equations to describe the propagation of the vapor and temperature fields. 

The average single-droplet mass in a particular region of the cloud is also 
introduced as a scalar field function of space and time, and acts as a dis- 
tributed source for the vapor and temperature fields. The value of the 
droplet mass function at any point and time is related to the vapor and 
temperature fields at the same point and time by the use of the familiar 
quasistatic equations describing the evaporation of single drops (cf. Luchak 
and Langstroth (5) and Langstroth e¢ al. (6)). Thus it is assumed that 
individual droplets will be able to reach a steady-state condition with re- 
spect to their immediate surroundings in a time short compared with the 
duration of processes affecting the cloud as a whole. This assumption will 
also be discussed further in Section ITI, b. 

A third assumption, implicit in the following work, is that the individual 
water droplets remain fixed in space so that the number of such drops in a 
unit volume is a constant. This requirement, which excludes turbulent 
clouds from consideration, effects in return a great simplification in the 
theory. 


b. The Field Equations 


The notation and units of Table I will be used. Using the first of the 
assumptions of Section II, a the cloud will be described by the following 
equations of bulk vapor diffusion 


de(r, t) = DV’c(r, t) — ndym(r, t) [1] 
and bulk heat diffusion 
0,7 (r,t) = KV?T(r, t) + (Ln/pacp)dm(r, t). [2] 
Using the second major assumption leads to the equations (¢f. Luchak and 
Langstroth (5) and Langstroth et al. (6)) of droplet mass transfer 
dm(r, t) = 4rD(3m/4rpw)*I[c(r, t) — Colt, t)] [3] 
and droplet heat transfer 
Lawm(r, t) = —4rk(3m/4rpw)'*[T(r, t) — To(r, t)]. [4] 
To these must be added the equation for the saturated vapor pressure of 


water 
Co(r, t) = ColTo(r, #)]. [5] 
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TABLE I 
Basic Notation and Units 
Independent Variables: 


r: spatial position; in spherical clouds the distance from the cloud center (cm.) 
t: time, relative to an initial time of cloud dissemination (sec.) 


Dependent Variables: 
T(r, t): temperature at (r, ¢), not near drop surface (°K.) 
To(r, t): temperature of droplets at (r, t), (K.) 
c(r, t): water vapor concentration at (r, ¢), not near drop surface (g. em.~*) 
Co(r, t): water vapor concentration at drop surface at (r, ¢) (g. em.-?) 
m(r, t); droplet mass at (r, ¢) (g.) 
Constants: 
T;: temperature of the air initially, and at large distances from the cloud (°K.) 
C;: water vapor concentration in air initially, and at large distances from the cloud 
(g. em.) 
n: droplet density in cloud (em.~) 
mo: initial mass of individual droplets (g.) 
ro: initial radius of individual droplets (cm.) 
R: cloud characteristic length, for spherical clouds the radius (em.) 
L: latent heat of vaporization of water (cal. g.) 
k: thermal conductivity of air (cal em. sec.! °K.) 
K: molecular heat diffusivity of air (em.? sec.—) 
D: diffusivity of water vapor through air (em.? sec.~') 
pa: density of air (g. cm.~%) 
pw: density of water (g. em.~) 
Cp: specific heat of air at constant pressure (cal. g.-! °K.-!) 


Operators: 
V?: Laplacian (em.~?) 
0: partial time derivative (sec.~!) 


The five equations [1]-[5] permit, in principle, solution for the five fields 
c, Co, T, To, and m, with suitable boundary conditions. 


c. The Psychrometric Equation 


Equation [2] may be made more convenient if the relationship pacp = 
k/K is used. It is also useful to observe that for water vapor in air at room 
temperature K is about equal to D. Making these substitutions and elimi- 
nating dm, Eqs. [1] and [2] yield 


(0, — DV?)[c + (k/LK)T] = 0. [6] 
Similarly Eqs. [3] and [4] give 
le + (k/LK)T] = [Co + (k/LK)T)). [7] 


Now Eq. [6] holds everywhere, both inside and outside the cloud. Also 
¢, T. and their gradients are continuous at the boundary. Since the fune- 
tion [¢ + (k/LK)T] is initially everywhere equal to the spatially constant 
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value [C; + (k/LK)T’], it will remain so for all times. Thus, using Eqs. 
[5] and [7], 


[C; — Co(To)] = —(k/LK)(T; — T»). [8] 


This is the familiar psychrometric equation, and shows that all the cloud 
droplets will be at the constant wet bulb temperature appropriate to the 
initial conditions, which are also the ambient conditions external to the 
cloud. This is a reflection of the familiar constancy of wet-bulb tempera- 
tures as air becomes saturated adiabatically (cf. Hewson and Longley 
(7), and also Marshall and Langleben (8) for pertinent discussion). 


III. THe Croup Equation 


a. Derivation 


Since Cy and 7’) have been found in the preceding Section to be spatial 
and temporal constants, determinable from Eq. [8], Eqs. [1] and [3] remain 
to be solved for c(r, ¢) and m(r, t). Then T(r, t) may be found from Eq. 
[2], or better, Eq. [7]. Applying the operator (0, — DV?) to Eq. [3] and elimi- 
nating c(r, ¢) with Eq. (1), 


—noym = (34rD)(4rpw/3)!7(d, — DV*)dym?4, [9] 
which is seen to be nonlinear in the field m(r, t). Define 
a = (87D/3)(347pw)*”. [10] 


Shortly after the cloud is formed, but before the evaporation has pro- 
ceeded far enough for there to be appreciable influence of one drop upon 
another, the droplet masses will obey the familiar law, derivable from Eq. 


[3], 
m2?! — mo?!8 Zh. Bt, [11] 
with 
B = a(Cy — Ci). [12] 
If Eq. [9] is integrated with respect to ¢, and Hq. [11] is used for small values 
of t, 
nam(r, t) + (0, — DV?)m*7(r, t) = namo — B. [13} 
It is seen that for a very sparse cloud n ~& 0, and Kq. [11] is the solution 


of Eq. [13] for all times. en . 
It is convenient to write Eq. [13] and similar equations in dimensionless 


form. Let 
m(r, t) = mof*/2(x, s),X = (t/R), s = (WD/R’)t, [14] 
y =1— (Co — C;)/nm, [15] 
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and 
& = 3nam)!R2/2rD = (4/r)nR?ry . [16} 
These substitutions yield the basic cloud equation 
[a. — (1/m)V7If(x, 8) = (28/3)[y — FPPC, 8)I, [17] 


with the initial condition f(x, 0) = 1. It should be observed that Eq. [17] 
will hold at every point independently of the shape of the cloud. For a 
spherical cloud, besides the symmetry condition at « = 0, f(x, s) need 
satisfy only one additional requirement at « = 1, to specify the conditions 
of ventilation at the cloud surface. 

The simple parameter & in Eq. [16] may be termed the ‘‘cloudiness” 
since it determines, as will be seen, whether the cloud evaporates primarily 
at its surface (when 6 > 1) or more or less throughout its body (when 
6?< 1). The other parameter, y, reflects the total water content of the cloud. 
Were there no vapor loss at the cloud boundary, y would equal unity when 
no droplet evaporation at all can occur, zero when it is just possible for all 
droplets to evaporate completely to produce saturation, and negative 
values when the droplets are insufficient in size and numbers to saturate 
the air at all. Of course, in general, a finite cloud will always evaporate 
away eventually owing to diffusion of vapor from the boundary. 


b. Range of Validity of the Cloud Equation 


A major assumption in the development of Eq. [17] has been that the in- 
dividual droplets attain a quasistatic equilibrium with respect to their 
immediate surroundings in a time short relative to the time scale of the 
cloud as a whole. Since the usual wet-bulb temperature is of the order of 
10 °K. below the ambient temperature, and the latent heat of vaporization 
of water is about 585 cal. g.', it is easily estimated that the evaporation 
of about 2% of a droplet’s mass will suffice to reduce the drop temperature 
from ambient to the wet-bulb value. Even at 90% relative humidity water 
drops in the 1- to 50-u range will reach this temperature within a few sec- 
onds. Cloud life times will generally be much longer. Only clouds having 
a very high overall water content will not be able to evaporate enough 
prior to saturation for the wet-bulb temperature to be reached. If the cloud 
is disseminated at a drop temperature different from ambient, analogous 
estimates will apply. These conditions may be expressed by the approxi- 
mate inequality (Cy) — C;) > 0.02 nm. 

It is also assumed in Section II that the interparticle distance, say d, 
is large relative to the drop radii ro . Thus let it be required that d > 10ry. 
Since each droplet occupies an average volume of d? > 10%ro°, the average 
density of water in droplet form must be nm) < 4-10-3 g.cm.—*, The over- 


THEORY OF EVAPORATING WATER CLOUDS 383 


all conditions for the validity of Eqs. [1]-[4] and the equations derived 
therefrom may be expressed as 


nmo < 50 min. [(Co — C;), 8-10-> g. em]. [18] 


Of course, the linear equations to be developed in Section IV from Eq. 
[17] will be of a much more restricted validity. 


IV. Linear APPROXIMATIONS TO THE CLOUD EQuaTion 
a. The Linear Equation 


The nonlinearity of Eq. [17] makes it difficult to solve in detail analyt- 
ically. For this reason it is instructive to linearize Eq. [17], or equivalently 
the system of Kgs. [1] and [3], under the assumption that f(x, s), in Eq. 
[17], does not differ too much from unity over the range of interest. For the 
specification of boundary conditions it is most convenient to derive and 
solve equations in c(r, ¢), and then to determine m(r, ¢) by integration of 
Kq. [8]. Let m?/8(r, t) = mo?/? — g(r, t). The linearization assumption is that 
g is small enough with respect to m,?/* for the approximation 


dm(r, t) = moAd{l — g(t, t)/me?h? ~ —3omo'¥0.g(7, t) [19] 


to hold reasonably well. Also dym?*(r, t) = —0.g(r, t). Substituting Eq. 
[19] in Eq. [1], and eliminating with Eq. [3], the linear equation 
[a. — (1/m*)V?Je(x, s) = & [Co — e(x, s)] [20] 


is obtained, where dimensionless space and time coordinates have again 
been used. With a spherical cloud Eq. [20] holds for the region 0 < x < 1. 
Outside the cloud, x > 1, a similar equation holds, and is obtained by taking 
& = 0 in Eq. [20]. 

b. Boundary Conditions 


In all cases the initial condition on c(x, s) will be taken to be 


c(x,0) = C;, all x [21] 

Also, it is expected that 
Cfo, .¢) = Cy, [22] 

and for a spherical cloud 
0C(2, 8)leno = 0. [23] 


At x = 1 two eases will be considered, for spherical clouds. 
(1) Clamped Boundary. The condition is that 


ales) = C2. [24] 
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This condition corresponds to an unphysically sharp convection maintaining 
the vapor concentration at the boundary fixed at the ambient value. In 
this case the complete solution for c(x, s) is found by standard methods to 
be (cf. Carslaw and Jaeger (9)) 


fsinh O1rx 
\ a sinh 6x 
sg Dias» =D RiRexp heaps absHee pro\. 
TL p=1 pbs") 

The summation term is seen to represent the initial transient, which rapidly 
dies out relative to the other terms. If 6? > 1, the remainder of Eq. [25] is 
approximately equal to Cy, from x = O out to nearly x = 1, whence c 
rapidly drops to the ambient value C;. Hence for such a cloudiness 6 the 
cloud will be expected to evaporate primarily at its outer surface. Using 
Kags. [3] and [10], 


Ca s) = (% — (Co aa Ci) 
[25] 


(r2D/R?2)t 
m (r,t) = m2? + o( R?/a’D) | ds (C(r/R, s) — Cr... [26] 
0 


Integration of Eqs. [25] and [26] is readily performed. The nontransient 
terms alone yield | 


sinh 62(r/R) 
(r/R) sinh 62° 

(2) Free Boundary. The conditions are that c(a2, s) and 0,¢c(x, s) be con- 
tinuous at x = 1, and c(a, s) satisfy Eq. [20] with 6 = 0 fora > 1. In 
this case vapor and heat transfer outside the cloud proceed according to 
tha laws of free diffusion. The solution of Eq. [20] for this case may also be 
readily determined. If the transient terms are omitted, this solution is, 
inside the cloud, 


m (r,t) = mo" — Bt - [27] 


sinh 67x 
G(ay8) = Oy sip oC re ee 
(x, 8 a= (Co ) oh ee [28] 
In addition, the solution outside is 
: : sinh 67 1 
O(tes) oe C= Cpa 5), pee een ee ; 
(Co ) E cosh 67 : x ede [29] 


For large 6°, Eq. [28] is similar to the steady-state part of Eq. [25], except 
that the vapor concentration at the cloud boundary is higher in the free- 


boundary case, nearly equalling Cy instead of C; . The droplet mass change 
may be found from Eq. [26] to be 


nt!(p, 1) = m2? — Bt sinh 62(r/R) 


6x(r/R) cosh 62° 80 
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Comparing Eggs. [30] and [11], it is seen that particles at the edge of clouds 
having & >> 1 will evaporate about (1/ém) times as fast as free particles, 
assuming the present boundary conditions. Equation [30] has also been ob- 
tained by Bade (10) from an integral equation developed by Keller using 
quite different methods. 


V. Discussion 
a. Parameters for a Particular Cloud 


Consider a typical cloud having a density n = 10% cm. of drops of dis- 
seminated radius 7) = 10~* cm. Let the cloud be spherical of radius R = 10 
em. Then, from Eq. [16], 6? = 1.27-10°, showing that even in a moderately 
dense cloud the “‘cloudiness” is much larger than unity. Also, if the initial 
humidity is 50 % saturated at 25 °C., then C; = 1.16-10-' g.cm.-, Ty) = 18 
'O,and Cy = 150-10" g. em... Thus mo = 42-10-%o", and from Eq, 
[15] it is determined that y = 0.187. Also, the inequality in Kq. [18] is well 
satisfied, showing that the theory applied to the present cloud should be 
approximately valid. It is evident from the value of y that the cloud will 
evaporate quickly to about 20% of its original mass. At this point the air 
becomes saturated and further evaporation will proceed only near the 
boundary. 


0.4 


0.04 


0.0 0.2 0.4 0.6 0.8 X=1.0 


Fic. 1. Plot of Eq. [32]. 
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b. The Linear Clamped Boundary Solution for & = 9 


The transient terms in the linear solution to the cloud equation are il- 
lustrated by calculating the clamped boundary equation [25] for a particu- 
lar case of intermediate cloudiness, 62 = 9. Writing out the integral in Eq. 
[26], in terms of dimensionless variables, it is easily found that 


m2/3(x, 8) = mel? — B(R2/m2D)K(z, 8), [31] 
where 
sinh 67x 
K(x, s) = s —_ 
x sinh 6x [33] 
Byes 
2 aol 
DSi (=) (exp (— @ree 5 )s]}. 
ie 5 — sin pra. 
TL p=1 p(p ie 6 ? 
C/Co 
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Fia. 2. Plot of vapor concentrations inside and outside cloud, relative to satura- 


tion a concentration. Quasistatic equilibrium is assumed. The linear theory 
is used, 
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The function K(z, s) is plotted for 62 = 9 and various times s in Bigelet 
is seen that saturation conditions are reached in the center of the cloud 
for times s of the order of 0.4, where the evaporation stops, while at the 
boundary the evaporation proceeds apace. The free boundary case will 
exhibit similar behavior, although the numerical calculations will be much 
more complicated. It must be emphasized here that the linear solutions do 
not accurately describe the evaporation process beyond the first 20% or so 
of droplet mass reduction. 


c. Linear Steady-State Solutions for Various Degrees of Cloudiness 


In Fig. 2 are plotted the steady-state vapor concentrations, Eqs. [25], 
[28], and [29], for C; = 0 and for various degrees of cloudiness 6?. This figure 
illustrates clearly the difference between the free and clamped boundary 
cases. It is to be observed that to obtain a vapor concentration equi- 
librium in the region z > 1 in the free boundary case requires the ex- 
penditure of an infinite amount of vapor, as is seen by integrating Kq. [29] 
over the volume from x = | tox = o. Hence this cannot strictly occur 
during the early life of a finite cloud, and Eq. [29] is at best approximate. 


VI. CoNncLuUsiIon 


The cloud theory described in this paper is based upon the three primary 
assumptions discussed in Section II, a. The first of these is that the drops 
be widely separated relative to their radi. An assumption of this nature 
will be necessary in any theory which attempts to describe the behavior of 
clouds by means of the continuous functions required for convenient 
analysis. Moreover it was seen in Sections ITI, b and V, a that this assump- 
tion, along with the ‘quasistatic’ assumption of Section II, a, will be 
indeed applicable to a variety of physical clouds. 

The third assumption, limiting the discussion to strictly nonturbulent 
clouds, represents a severe idealization of nature. Were turbulence included, 
it would lead to the motion of individual droplets within the cloud, and to 
the addition of an extra ‘‘field”’ describing the density of various sized drops 
in the cloud. The complication inherent with such an addition is considered 
beyond the scope of the present paper. 

Subject to the restrictions just outlined, it has been shown in this paper 
that it is possible to describe the evaporation and heat transfer within an 
aqueous cloud by means of a nonlinear differential equation which is 
simple in form and subject in principle to detailed solution for a variety of 
cloud densities and shapes. By applying a linearized form of this equation 
to spherical clouds, some of the more salient features of cloud evapora- 
tion have been examined in detail. 
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INTRODUCTION 


Following previous reports on the dynamic mechanical properties of 
polyethyl methacrylate (1) and poly-n-butyl methacrylate (2) in the transi- 
tion from rubberlike to glasslike consistency, we now present similar data 
for poly-n-hexyl methacrylate. These measurements were part of a coopera- 
tive investigation with the Samuel Feltman Ammunition Laboratories, 
Picatinny Arsenal. 


MATERIALS AND MerEtHop 


The synthesis and fractionation of the polymer have been described 
elsewhere by Chinai (3). The fraction used in this study, with a weight- 
average molecular weight of 4.0 * 10°, had been dried from frozen benzene 
solution and stored over silica gel desiccant. In studies of the lower members 
of this homologous series (1, 2), fractions of widely different molecular 
weight were employed, but since the mechanical properties depended very 
little on molecular weight in the transition region (as expected), a single 
fraction was considered sufficient for poly-n-hexyl methacrylate. 

Measurements of the complex shear compliance (J* = J’ — iJ”) were 
made between 15 and 2400 cycles/sec. with the Fitzgerald Apparatus 
manufactured by Atlantic Research Corporation, Alexandria, Virginia. 
Three pairs of disc-shaped samples were employed, molded at 165°F. The 
samples were quite clear and almost colorless, and were sufficiently tacky 
to adhere readily to the driving surfaces in the apparatus. The sample co- 
efficients were calculated as described before (1), taking the density of the 
polymer as 1.01 g./em.* at 25°C. and the thermal expansion coefficient as 
6.5 X 10-4 deg! above the glass transition temperature. (Rogers and 
Mandelkern have since reported 1.01 g./em.* and 6.6 X 10 deg.) (4). De- 
tailed descriptions of the samples follow. 


1 Part XXVII of aseries on Mechanical Properties of Substances of High Molecular 


Weight. 
2 Now at Carleton College, Northfield, Minnesota. 
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Samples 83, approximate dimensions !%¢ in. diam. by 349 in. thick- 
ness, were compressed in the apparatus about 4% and the sample coefficient 
was 15.2 cm. at 40°. Measurements were made at approximately 5° intervals 
from 35° to 60°, followed by a check run at 35° which agreed with the initial 
results. (The exact temperatures are given in the legend of Fig. 1.) 

Samples 84, approximate dimensions 11g in. by 2 in., were compressed 
about 7%, and the sample coefficient was 55.7 cm. at 100°. They were 
mounted at the same time as samples 83 and experienced the same tem- 
perature sequence. Measurements were made at approximately 5° intervals 
from 50° to 95°, followed by a check run at 50° which agreed with the 
initial results, and then one at 100°. At overlapping temperatures, the 
values of J’ and J” agreed very well with those from samples 83, so that 
no empirical correction was needed. 

Samples 87, approximate dimensions °4¢ in. by 1g in., were compressed 
about 4%, and the nominal sample coefficient was 2.97 cm. at 40°C. 
Measurements were made at approximately 5° intervals from 25° to 50°C. 
and then from 20° down to 5°C., with a final check run at 25°C. which 
agreed with the initial results. The values of J’ and J” were about 13 % 
higher than those for samples 83 and 84, so an empirical correction factor 
of 0.87 was applied to these data. 

Finally, samples 84 were reinserted (numbered now 89) to obtain addi- 
tional results at higher temperatures. When recompressed, the nominal 
sample coefficient was 52.1 em. at 100°C. Measurements were made at 
95°, 100°, 105°, 115°, and 125°C. with a check run at 100°C. which agreed 
with the initial results. The values of J’ and J” were about 3% lower at 
overlapping temperatures than those from samples 84, so an empirical 
correction factor of 1.03 was applied to these data. 


RESULTS 


The original data for J’ and J”, measured at 23 temperatures from 5° 
to 125°C., are shown plotted logarithmically in Fig. 1. Where data on 
different samples were taken at the same frequencies and temperatures, 
the values have been averaged. 

For reduction to a standard temperature, 100°C. was chosen in con- 
formity with the other members of the series; J,’ and J,” were calculated 
by the usual formulas (5), using the thermal expansion coefficient given 
above. The value of J, the limiting high-frequency compliance, was chosen 
as 10-” em?./dyne, but its choice was not critical. 

Logarithmic plots of the reduced functions could be superposed quite 
well by the usual arbitrary shift factors a7, identical for both real and 
imaginary components, except for a range between 15° and 50°C. for 
J,’ and between 105° and 125°C. for J,”. The respective anomalies closely 
resemble those found in poly-n-butyl methacrylate and will be further 
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Fig. 1. Variation of the real part of the dynamic shear compliance, J’ (left) and 
the imaginary part, J” (right) with frequency for poly-n-hexyl methacrylate at 23 
temperatures; numbers correspond to the sequence 4.7, 9.7, 14.6, 19.4, 24.7, 29.9, 34.7, 
40.0, 45.1, 50.0, 55.0, 60.4, 64.5, 69.5, 74.7, 80.2, 85.3, 89.4, 94.6, 99.9, 104.8, 114.8, and 
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Fic. 2. Real part of the complex compliance, J’, reduced to 100° C. and plotted 
logarithmically against reduced frequency with reduction factors calculated from 
WLF equation. Pip down at right 4.7° C.; successive 45° or 90° rotations clockwise 
correspond to increasing temperatures at approximately 5° or 10° intervals (exact 
temperatures given under Fig. 1). The solid curve is the assumed compliance of the 


a mechanism. 
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discussed below. Outside the anomalous regions, the empirical a7 values 
followed very closely an equation of the WLF form (6): 


log ar = —co(T — T))/(e + PF — 76) 


with c = 9.80 and c.° = 234.4 for Ty) = 373.2°K. Values of a7 calculated 
from this equation were actually used for the final plots against reduced 
frequency (war) shown in Figs. 2 and 3. 

With knowledge of the glass transition temperature, 7, = 268°K. (4), 
the values of c:/ and c.’ appropriate to 7, as reference temperature may 
be calculated from formulas previously given (6), and from these the pa- 
rameters f, and a;. For f,, interpreted as the fractional free volume at 7, 
we obtain 0.0245, identical with the average “universal” value for numerous 
amorphous polymers. For ay we obtain 1.9 X 10~*, reasonable in magni- 
tude though somewhat smaller than usual. The change in macroscopic 
thermal expansion coefficient at 7',, which has been sometimes identified 
with a;, is reported by Rogers and Mandelkern (4) to be between 2.0 and 
2.8 X<alOm degs?: 


LOG Jp IN CM/DYNE 
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if Fig. 3. Imaginary part of the complex compliance, J”, reduced and plotted as 
Fig. 2, with the same temperature key. 
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Discussion 
Analysis of a and 8 Mechanisms 


The fanning out of points at individual temperatures in Fig. 2 may be 
attributed to a 8 or side-chain mechanism just as in the case of poly-n- 
butyl methacrylate (2), and the data have been analyzed to separate the 
a and 6 contributions exactly as for the latter polymer. The lower envelope 
represented by the curve was taken as the a contribution, and the 6 con- 
tributions were obtained by subtraction point by point. Logarithmic 
plots of J’s were superposed by empirical shift factors a7s, and the super- 
position was reasonably satisfactory as shown in Fig. 4. From 15° to 40°C., 
log a@zg was a linear function of the reciprocal absolute temperature with a 
slope corresponding to an apparent activation energy, AHg, of 13 kcal. 
Although dielectric dispersion data are not yet available to compare with 
this figure as for the previous polymers in this series (1, 2), it presents a 
reasonable decrease with increasing side-chain length when compared with 
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Fre. 4. Real part of the complex compliance of the 6 mechanism reduced to 100° C. 
on the basis of an apparent activation energy of 13 kcal. Temperature key same as in 
Fig. 2. 
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the values for the 8 mechanism of the ethyl (31 kcal.) and n-butyl (24 
keal.) polymers. 

Because of the somewhat arbitrary choice of the envelope for J’, and 
the small differences involved in obtaining J’s, the information thus ob- 
tained for the 8 mechanism is only semiquantitative, but sufficient to 
determine its location on the temperature and frequency scales. For com- 
parison with other polymers in the methacrylate series, it is instructive to 
reduce J’ for each to its own glass transition temperature. Using the WLF 
equation for shifting the a contribution and the Arrhenius equation for 
shifting the 6 contribution on the frequency scale, with the appropriate 
parameters for each polymer, and then adding the contributions at each 
frequency, we obtain the result shown in Fig. 5. At 7,, the a and 6 dis- 
persions predicted in this manner are clearly separated, but the gap be- 
tween them decreases with increasing side-chain length. With increasing 
temperatures, the a dispersion shifts to higher frequencies faster than the 
6 dispersion, and the gap becomes closed 20° to 50°C. above 7,, depending 
on the width of the gap at 7, and the values of f,, a;, and AHg. Near the 


“2006 - 


4 ae 0 2 4 
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Fra. 5. Predicted compliance, J’ for polyethyl (E), poly-n-butyl (B), and poly-n- 
hexyl (H) methacrylates at their respective glass transition temperatures, based on 
extrapolated temperature shifts of the a and 6 mechanisms. 
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temperature where the gap is closed, the failure of reduced variables will 
be most evident. 


High-Temperature Reduction Anomaly 


Between 105° and 125°C. the height of the maximum in log J” increases 
with temperature, being given approximately by —6.53 + 0.0052 (¢ — 100), 
where ¢ is Centigrade temperature. This behavior closely resembles that 
of the n-butyl polymer, where the corresponding temperature coefficients 
were 0.0040 and 0.0047 for the two fractions studied. Future measure- 
ments at lower frequencies will help to clarify this anomaly, which is at- 
tributed to changes in the disposition of the widely spaced entanglements 
discussed by Bueche (7). 


Distribution Functions 


The retardation (L) and relaxation (H) spectra, calculated by the second 
approximation formulas of Williams and Ferry (8) from Figs. 2-4 and 
corresponding plots of the shear moduli G’ and G” of the a mechanism, 
are given in Table I. At low frequencies, where J,” depends somewhat on 


TABLE I 
Relaxation and Retardation Distribution Functions Reduced to 100°C. 
log tp Log Ly (cm.2/dyne) Log Hp (dynes/cm.?) 
(sec.) From J’ From J’’ From G’ From G’’ 
a Mechanism 
—10.0 —10.47 —10.50 8.55 8.57 
—9.5 —10.38 —10.34 8.67 8.62 
—9.0 —10.17 —10.15 8.71 8.69 
—8.5 —9.97 —9.92 8.69 8.66 
—8.0 —9.85 —9.70 8.60 8.65 
—7.5 —9.60 —9.35 8.46 8.51 
—7.0 —9.21 —9.15 8.00 8.15 
—6.5 —8.91 —8.85 7.58 7.62 
—6.0 —8.57 —8.58 “eL6 UPA 
—5.5 —8.08 —8.05 6.80 6.89 
—5.0 —7.65 —7.65 6.57 6.60 
—4.5 —7.35 —7.29 6.29 6.28 
—4.0 —7.05 —7.01 5.97 6.00 
—3.5 —6.80 —6.83 5.76 5.80 
—3.0 —6.71 —6.72 5.58 5.63 
—2.5 —6.68 —6.60 5.27 Essent 
—2.0 —6.68 —6.76 4.99 5.04 
—1.5 —6.79 —6.93 4.90 4.74 
—1.0 —6.90 —7.09 4,71 4,49 
B Mechanism 
—5.0 —10.14 
—4.5 —9.69 


—4.0 =9:2) 


396 CHILD AND FERRY 


temperature even after reduction, values from the measurements at the 
highest. temperature (125°C.) were chosen. The agreement between calcu- 
lations from real and imaginary components is quite good. 

The retardation spectra are plotted in Fig. 6. For the 6 mechanism, only 
a fragment is provided which resembles in slope that for poly-n-butyl 
methacrylate. For the a mechanism, also, the shape closely resembles that 


LOG L IN CM/DYNE 


-10 -8 -6 -4 ee fo) 
LOG T IN SEC,, REDUCED TO 100°C 


Fia. 6. Retardation spectra of the a and 8 mechanisms reduced to 100° C. Points 
top black, from J’; bottom black, from J”. 
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-10 =8, -6 ~4 -2 (0) 2 
LOG T IN SEC.,REDUCED TO 100°C 
Fic. 7. Relaxation spectrum of the a mechanism reduced to 100° C. (Curve H) 


Points top black, from G@’; bottom black. f f 
; ; bott ack, from @”. Curves E and B are for 
and poly-n-butyl methacrylates at 100° C marche 
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of poly-n-butyl methacrylate, though the maximum is substantially higher 
(log Lmax = —6.64 as compared with —6.90 for the n-butyl). 

The relaxation spectrum of the a mechanism is plotted in Fig. 7, together 
with those of the ethyl and n-butyl polymers all reduced to 100°C, With 
increasing side-chain length, the spectrum naturally shifts to shorter times 
and it also changes in shape; the lower portion of the transition zone con- 
forms more closely to the theoretical (9-11) slope of —1%, and the upper 
portion curves up more sharply; while the maximum becomes lower and 
broader. For interpretation of these changes, a more detailed molecular 
theory of viscoelastic properties is needed. 


Backbone and Side-Chain Motions 


By fitting the lower portion of the relaxation spectrum to the theo- 
retical slope, as shown by the dashed line, the monomeric friction coeffi- 
cient ¢> can be calculated (11). For this purpose, the root-mean-square 
end-to-end distance per square root of the number of monomer units, a, 
is taken as 7.54 A, derived from light-scattering measurements in a 0-sol- 
vent (3). At 100°C., log f&) = —5.21. Reduced to T,, log {> = 2.63. This 
is the smallest value thus far reported for an undiluted polymer at its 
glass transition. When the ethyl, n-butyl, and n-hexyl polymers are com- 
pared all at 100°C., their monomeric friction coefficients are in the ratios 
10°:50:1; when they are compared each at its own 7’, the coefficients are 
in the ratios 4000:13:1. 

These figures are a measure of the effect of side chains on facilitating 
chain backbone motions. The higher mobility in the hexyl polymer even 
near 7', can be illustrated by other comparisons. Thus, the magnitude of 
J’ at 500 cycles/sec. is 10-°-° em.?/dyne for poly-n-hexyl methacrylate 
10° above 7,. But for polyethyl methacrylate this compliance is not at- 
tained until the temperature is 28° above 7’,. As another example, the extra- 
polations represented by Tig. 5 indicate that perceptible mechanical re- 
sponse due to backbone motions should be achieved in the hexyl polymer 
at its 7, within a time scale of hours. In the ethyl polymer at its 7, a 
time scale of weeks would be required. 

In polymethyl (12, 13) and polyethyl (1) methacrylate, compliance 
attributable to side-chain motions persists somewhat above 7’, in a region 
of time (or frequency) where the ordinary segmental backbone motions do 
not contribute. But this compliance is associated with a rather broad 
retardation spectrum, caused probably by the necessity of local coopera- 
tive motions of neighboring backbones to permit the side chains to re- 
arrange (13, 14). In poly-n-butyl and poly-n-hexyl methacrylate, on the 
other hand, our analysis of the 6-anomaly implies that somewhat above 7’, 
the backbone contributions to compliance persist to higher frequencies 
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(shorter times) than do the side-chain contributions. At the higher fre- 
quencies, these longer side chains seem to plasticize the main chain by 
virtue of their bulky volume without responding by wriggling themselves. 
At lower frequencies where they do respond, their retardation spectrum 
appears to be rather sharp, and presumably less cooperation of neighbors 
is needed for their rearrangements. These interpretations are somewhat 
speculative, however, because the a and 6 mechanisms are really identified 
only by their temperature dependences. 
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SUMMARY 


The real (7’) and imaginary (J”) components of the complex compliance 
have been measured between 15 and 2400 cycles/sec. in the temperature 
range from 5° to 125°C. for a fractionated poly-n-hexyl methacrylate with 
molecular weight 4.0 X 10°. The method of reduced variables gave super- 
posed curves for J’ and J” except for the same two anomalies observed for 
poly-n-butyl methacrylate: the maximum in J” increased slightly with 
increasing temperature, and near the bottom of the dispersion of J’ the 
data corresponded to two additive mechanisms with different temperature 
dependences. For the principal (a2) mechanism, the temperature dependence 
of retardation times follows the WLF form with f, (relative free volume at 
the glass transition temperature, 7) = 0.025 and a; (thermal expansion 
coefficient of free volume) = 1.9 X 10 deg.. For the 6 mechanism, 
the temperature dependence of retardation times corresponds to an appar- 
ent activation energy of 13 kcal. The retardation and relaxation spectra 
of the a mechanism resemble those for other methacrylate polymers, but 
certain progressive effects of increasing side-chain length on the position 
and detailed shape of the spectra are apparent. The logarithm of the 
monomeric friction coefficient (in dynes-sec./em.) is —5.21 at 100°C. 
and 2.63 at —5°C, (7,). At their respective T,,’s, the friction coefficients of 
polyethyl, poly-n-butyl, and poly-n-hexyl methacrylates are in the ratios 
4000:13:1, though the relative free volume at 7’, as deduced from the WLF 
equation is the same for all three polymers. 
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INTRODUCTION 


Earlier papers in this series have reported viscosities of concentrated 
solutions of polyvinyl acetate (1), polyisobutylene (2), polystyrene (3), 
and a copolymer of styrene and maleic acid (3). In the present communica- 
tion, viscosity data are given for solutions of six fractions of cellulose 
tributyrate in 1,2,3-trichloropropane. The results are compared with the 
above earlier measurements as well as with some on solutions of cellulose 
trinitrate (4) and sodium deoxyribonucleate (5) which have recently been 
obtained in this laboratory. 


MATERIALS AND METHODS 


The cellulose tributyrate was fractionated from samples generously pro- 
vided by Dr. C. J. Malm of the Eastman Kodak Co. The stocks and three 
of the fractions (H, L, and R2b) have been described in a previous report 
of dynamic mechanical properties (6). The other three fractions were ob- 
tained by a new fractionation of Stock II, following the earlier procedure 
(6). The intrinsic viscosities in acetone, and the molecular weights calcu- 
lated therefrom by the relation (6) [7] = 4.80 X 10-> M°8, are given in 
Table I. 

The 1,2,5-trichloropropane was shaken with sulfuric acid, washed with 
water, dried, and distilled at 60 mm. pressure through a 30-plate Older- 
shaw bubble cap column. 

The polymer solutions were made up by weight. Their densities were 
in most cases measured pycnometrically with water as a confining liquid; 
in some cases, especially with fractions H, L, and R2b, densities were 
interpolated. Viscosities were measured by the capillary and falling ball 
methods as before (1, 2). 


RESULTS 


The viscosities (y) of solutions of the six fractions at various weight 
fractions (w2) up to 0.41 and various temperatures between —5° and 50°C. 


‘ Now at Jet Propulsion Laboratory, Pasadena, California. 
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TABLE I 
Characterization of Cellulose Tributyrate Fractions 
Fraction {n] (dl./g.) Mol.wt. 
L 0.70 + .02 55,000 
10C 1.10 + .02 90,000 
8C 1.56 + .03 134,000 
R2b — 152,000 
4E 2.48 + .03 222,000 
H 3.15 + .02 300,000 


* Molecular weight calculated from osmotic pressure (= Mn). 


TABLE II 
Viscosities of Fraction L, M, = 656,000 
< Me log 7 in poises at 0, 
Sol. ae Ae ee se: a, ae a 
—s.0°C. | 10.0°C.| 15.0°C. | 20.0°C. | 25.0°C. | 30.0°C.| 40.0°C. | s0.0°c, | 2) 
0.0068 | C — — |—1.269 — —1.381) — |—1.526 —_ 3.87 
0.0236 | C _ — |—0.740 —- —0.896) — |—1.068 —_ 5.27 
0.0475 | C _ — |-—0.456 — —0.616) — |—0.812 —_— 5.90 
0.0845 | C — — 0.418 = 0.223) — /!—0.018 —_ 7.26 
0.124 C _ _ 0.644 — 0.441) — 0.185 — 7.63 
0.168 C — _— —_— —_— 1.265) — 0.970 _— 8.21 
0.226 Cc — — — _- 1.534) — 1.225 — 
123324: 
0.226 2 BOL —_— A ey, — 1.537; — ales 1.117 8.26 
2.7342 ree 
0.280 F 2.79 80* Paid) | os — 1.968; — PeGLile 9.61 
0.312 | F ee 2.628) — | — | 2.234 — | 1.903! 1.665¢| 10.08 
e* 
0.345 F fares 2.890 — 2.605 _- 2.300) -— — 10.88 
3.754" 
0.409 F —_ — — 3.640* — 2.846] 2.581) 2.3507) 11.5 
4.337* 


* Solution was crystallizing or contained crystallites. 
C = Capillary, F = Falling Ball. 

@ —4,8°C, 4 50.2°C. 

ee ACO. 13°C. 

¢ 49.2°C. 4 49.5°C, 


are given in Tables II to VII. An example of the temperature dependence 
is given in Fig. 1, where log is plotted against reciprocal absolute tempera- 
ture for fraction 4E at nine concentrations (expressed here as c, grams 
polymer per cubic centimeter solution). The lines are straight within 
experimental error, as was also found for the other fractions over the rather 
limited temperature range available. Values of Q,, the apparent heat of 


404 LANDEL, BERGE AND FERRY 


04600 
9 03878 
4 

02682 
3 01716 
2 0.1010 


LOG 7 


3. 3.2 3.3 34 3.5 3.6 
1000/T 


Fig. 1. Logarithm of viscosity plotted against reciprocal absolute temperature for 
solutions of Fraction 4H. Figures at right denote concentration in grams per cubic 
centimeter. 


those obtained for vinyl polymers (1-8). The latter are nearly linear or 
somewhat concave upward, and in good solvents the slope is small, so that 
at moderate concentrations Q, is not much higher than that of the pure 
solvent; also, at constant concentration the dependence of Q, on molecular 
weight (J/) is small. The cellulose tributyrate curves rise sharply at low 
concentrations and are concave downward; an extrapolation to zero from 
higher concentrations would give a value considerably higher than that of 
the pure solvent, as noted also for cellulose trinitrate solutions (4). More- 
over, there is considerable molecular weight dependence, especially at low 
concentrations. 

The disposition of the curves in Fig. 3 suggested that at low concentra- 
tions Q, might be a unique function of the product cM, and this was indeed 
found to be the case, as shown in Fig. 4. It is evident that the principal 
contribution of the polymer to Q,, about 5 keal., is rather rapidly developed 
as cM increases to 20,000. Above this point, Q, is no longer a function of 
cM alone and increases more slowly. 
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0 0.1 0.2 0.3 04 0.5 
C IN G/GG 
Fic. 2. Logarithm of relative viscosity at 25°C. plotted against concentration for 
the six fractions. (Points for R2b include additional values for dilute solutions, ob- 
tained in connection with intrinsic viscosity measurements.) 


Qy, KCAL/MOLE 


0 0.1 0.2 0.3 04 0.5 
C IN G/CC 


Fig. 3. Apparent activation energy for viscous flow plotted against concentration. 
Pip up, fraction L; successive 45° rotations clockwise, fractions 10C, 8C, R2b, 4H, 


and H. 
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The abscissa cM is a measure of the average number of Bueche entangle- 
ments (7) per molecule. The average molecular weight between entangle- 
ments, M., is M-.p/v2, where v2 is the volume fraction of polymer and 
M., a constant regarded as M, extrapolated to the hypothetical undiluted 
polymer in an uncrystallized, unvitrified state (8). Since v2 = c/p, where 
p is the density of the undiluted polymer, the number of entanglements 
per molecule is & = M/M, = cM/pM.,. If the critical value of cM is 
interpreted as the onset of a continuous network with & = 2, this corre- 
sponds to a value of M,, of about 8500. Another estimate of M,, will be 
made below. 

The presence of this sharp rise in Q, over a narrow concentration range in 
cellulose tributyrate solutions, in contrast to the behavior of several vinyl 
polymers where it is not observed, is probably related to the change in 
molecular dimensions with temperature as observed by intrinsic viscosity 
measurements in a @-solvent (9). With increasing temperature, steric 
barriers to free rotation are overcome and the mean-square end-to-end 
distance ro? decreases, thereby shrinking the domain swept out by each 
molecule. The resulting drop in viscosity (and corresponding magnitude 
of Q,) would be expected to be much more exaggerated in the region of 
cM where the viscosity is determined by entanglements than at lower cM 
where the continuous entanglement network has not been established. 


fo) 


6 
fo] 
(Bey 
ee 
Go 
2 
0 
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cM x10 


Fie. 4. Apparent activation energy for viscous flow minus that of solvent, plotted 


nae product of concentration and molecular weight. Key to fractions same as in 
ig. 3. 
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Concentration and Molecular Weight Dependence of Viscosity 


In previous analyses (2, 3) it has been possible to interrelate the de- 
pendence of viscosity on concentration and on molecular weight by show- 
ing that, over a considerable range of these variables at constant tem- 
perature, the relative viscosity 7, is a single function of c®M?+ or the 
equivalent. At moderately high concentrations of polyisobutylene in 
decalin and in xylene, 7, is directly proportional to the above product. 
The exponent of 3.4 for M has, of course, been found for many polymers 
and their solutions above the critical value of M for onset of an entangle- 
ment network (8). In Fig. 5, log 7, for the cellulose tributyrate solutions 
at 25°C. is plotted against 5 loge + 3.4log M. A single composite curve 
is obtained with remarkably good coincidence for all the fractions except 
H, which lies above the others. At high values of the argument, the func- 
tion of (c’M*-+) is simply direct proportionality, the logarithmic plot ap- 
proximating a straight line with slope of unity. Thus cellulose tributyrate 
resembles other polymers of simpler structure in the common exponent of 
3.4, which has been interpreted theoretically by Bueche (7, 10). 

For comparison, similar plots are shown in Fig. 5 for solutions of poly- 
isobutylene of various concentrations and molecular weights (2), cellulose 
trinitrate of one molecular weight and various concentrations (4), and 
sodium deoxyribonucleate (SDNA) of one molecular weight and various 


4 6 8 10 12 14 16 
5 LOGC + 3.4 LOGM 


Fig. 5. Relative viscosity plotted logarithmically against c5M*-*. Key to fractions 
same as in Fig. 3. Other polymers for comparison: SDNA, sodium deoxyribonucleate 
in water; CTN, cellulose trinitrate in isophorone; PIB, polyisobutvlene in xvlene 


and in decalin. 
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concentrations (5). The curves are all rather similar in shape, and it may 
be inferred that with this type of plot the concentration dependence of 
viscosity can be estimated from the molecular weight dependence or vice 
versa, even though an analytical formulation for the curve is lacking. 


Comparisons of Different Polymers 


At equal values of the abscissa in Fig. 5, different polymers have very 
different relative viscosities. In the preceding paper of this series (3), a 
more reasonable comparison was attempted by substituting the number of 
chain bonds for the molecular weight in the abscissa; this brought several 
vinyl polymers into fairly close concordance. The data of Bueche (11) for 
various fractions of polymethyl methacrylate at one concentration in diethy] 
phthalate, when plotted in this manner, fall on a curve of similar shape, 
but it lies far above those for polyisobutylene, polystyrene, and polyvinyl 
acetate. And the cellulose derivatives and SDNA, with their different 
backbone structures, cannot be accommodated at all in such a scheme. 

In seeking a better basis of comparison, we note that the viscosity in 
these concentrated solutions is certainly dominated by the Bueche en- 
tanglements, and that the effect of molecular size should therefore be 
governed not by M nor by the number of chain bonds but rather by the 
number of entanglements per molecule, €. For a given polymer, M = 
EM.»/v2 = EM eyp/c. It follows that the linear portions of the plots in Fig. 5 
correspond to the relation 


7 = kn p®M 27° -485-4091-8, [1] 


where k is an unspecified constant; or the equivalent relation where all 
quantities characteristic of a given polymer have been combined into a 
single dimensionless constant A: 


= Ansé 409! -8, [2] 


The value of A is not universal; log A = 3.57, 3.20, and 3.86 for cellulose 
tributyrate, polyisobutylene, and polymethyl methacrylate solutions, 
respectively. Thus, plots of 7, against £-4cl-6 would not give exact coinci- 
dence of data for all polymers. However, the order of magnitude of A is 
the same for all, and exact coincidence can scarcely be expected, since the 
choice of a temperature of 25°C. for comparison is arbitrary. 

Further information may be obtained by comparing the form of [2] 
with an extension of the theory of Bueche (7), in which the absolute 
value of the viscosity depends on the monomeric friction coefficient £0, 
representing the force per monomer unit required for translation of a 
polymer segment through its surroundings at unit velocity (12): 


n = F0a?’nZ?(f/fo)/36. [3] 
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Here a? = r°/Z, Z is the degree of polymerization, n is the number of 
molecules per cubic centimeter, and f/f) is the factor by which the effective 
friction coefficient is increased by entanglement. In a previous discussion 
of the effect of entanglements on viscoelastic properties (12), it was pro- 
posed that f/fo can be approximated by (£/2)?4. Using this relation to- 
gether with the facts that n = cNo/M (where No is Avogadro’s number), 
Z = M/M, (where My is the molecular weight of a monomer unit), and 
M>/Nop = vo, the volume of a monomer unit, we obtain from [3] 


n = F00?M ep(E/2)*4/18M ovo. [4] 
Finally, comparison of [2] and [4] gives for the friction coefficient 
fo = 18 X 234A nvwve!®/Pep, [5] 


where 7”,, is the mean-square distance between entanglement points in the 
(hypothetical) undiluted polymer. It is certainly reasonable that ¢) should 
be proportional to 7, and vo, though analogy with Stokes’ law would place 
the cross-section area of the monomer unit in the denominator rather than 
r»». The dependence on »v,!-6, as well as absolute values of ¢o calculated 
from [4], may be tested subsequently by determining { from viscoelastic 
measurements (12). It may be noted that the overall approximate fifth- 
power concentration dependence of viscosity is resolved by this treatment 
into a dependence of the local friction coefficient on a much lower power of 
concentration, and this should be more easily susceptible of theoretical 
explanation. 

If 7?., is independent of temperature, the elevation of Q, shown in 
Fig. 4 can be attributed to the change in é associated with the tempera- 
ture dependence of 72. Since £ = ro’/r2 and it enters Eq. [4] to the 3.4 
power, the additional contribution to Q, should be 6.8 Q,, where Q, is the 
effective activation energy for changes in (ro2)?. From the data of Mandel- 
kern and Flory (9), the latter is about 1.2 keal., leading to about 8 kcal. 
for the contribution to Q,; this agrees in order of magnitude with the ob- 
served value of about 5 kcal. 


Effect of Entanglements on Magnitude of Viscosity 


At a given concentration, a plot of log 7 against log M should show an 
abrupt change of slope where M = 2M, (7, 8, 11), the value of M, being 
of course inversely proportional to concentration. For the cellulose tri- 
butyrate solutions, the slope changes too gradually to identify the critical 
value, but the latter can be revealed by a somewhat different method of 
plotting. The abscissa is chosen as log M + log ¢, so that the critical value 
will be the same for all concentrations (cf. Fig. 4); the ordinate is then taken 
as log 7 — 1.6 log c so that above the critical value of cM all the data should 
coincide (cf. Fig. 5 and Eq. [1]). For clarity, values of » were interpolated 
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Fia. 6. Log 7 — 1.6 log c plotted against log M + log c, points interpolated for 
different molecular weights at fixed concentration intervals, to determine the critical 
molecular weight for entanglements. Dashed lines drawn with slope of 3.4. 


from Fig. 2 at fixed concentration intervals. The result is shown in Fig. 6. 
Except for fraction H, the data do fall on a single line with slope of 3.4, 
and the individual fractions diverge from this line in the range of cM of 
24,000 + 6,000. This corresponds to M,., = 10,000, in reasonable agree- 
ment with the estimate from Fig. 4, although both values are very rough. 
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SUMMARY 


Viscosities of solutions of six fractions of cellulose tributyrate in 1 j2 jo" 
trichloropropane have been measured over a wide range of concentrations 
up to a weight fraction of 0.41 and at several different temperatures be- 
tween —5° and 50°C. The apparent activation energy for viscous flow 
was a single function of the product of concentration in grams per cubic 


My 
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centimeter (c) and molecular weight (/) over the range of cM from 0 to 
20,000, and in this range it increased by about 5 kcal., but at higher concen- 
trations comparatively little. At 25°C., the relative viscosity was a single 
function of c°M*-, and at high values of this argument was directly pro- 
portional to it. The results of these and measurements on other polymers 
are discussed in relation to the average number of entanglement points per 
molecule in Bueche’s sense. The average molecular weight between en- 
tanglement points in cellulose tributyrate, extrapolated to the undiluted 
state, is estimated as about 10,000. It is concluded that the monomeric 
friction coefficient for translation of a polymer segment is proportional 
to the solvent viscosity and to the 1.6 power of the polymer concentration. 


REFERENCES 


1. Ferry, J. D., Foster, E. L., Brownina, G. V., anp Sawysr, W. M., J. Colloid 
Sci. 6, 377 (1951). 
2. Jounson, M. F., Evans, W. W., Jornpan, I., anp Ferry, J. D., J. Colloid Sct. 7, 
498 (1952). 
3. Ferry, J. D., GRanpine, L. D., Jr., ano Upy, D.C., J. Colloid Sci. 8, 529 (1953). 
4, Puazex, D. J., anp Ferry, J. D., J. Phys. Chem. 60, 289 (1956). 
5. Hevpers, F. E., anp Frrry, J. D., J. Phys. Chem. 60, 1536 (1956). 
6. LaNDEL, R. F., aND Frerry, J. D., J. Phys. Chem. 59, 658 (1955). 
7. Burcue, F., J. Chem. Phys. 20, 1959 (1952). 
8. Fox, T. G., anp LosHaEK, 8., J. Appl. Phys. 26, 1080 (1955). 
9. MANDELKERN, L., AND Ftory, P. J., J. Am. Chem. Soc. 74, 2517 (1952). 
10. Burcue, F., J. Chem. Phys. 25, 599 (1956). 
11. Burcue, F., J. Appl. Phys. 26, 738 (1955). 
12. Ferry, J. D., LANDEL, R. F., anp Witurams, M.L., J. Appl. Phys. 26, 359 (1955). 


JOURNAL OF COLLOID SCIENCE 12, 412-416 (1957) 


LIGHT-SCATTERING CALIBRATION WITH LUDOX? 


D. A. I. Goring, M. Senez, B. Melanson, and M. M. Huque 


Physical Chemistry Division, Pulp and Paper Research Institute, Montreal, Canada 
Received March 22, 1957 


Several authors (1-8) have reported successful use of Ludox colloidal 
silica for absolute calibration in light scattering. In a recent study with the 
semi-micro apparatus described previously (9), reproducibility of calibra- 
tion data was poor from sample to sample of Ludox. Calibration constants 
for old samples (1-2 years) differed considerably from those of fresh solu- 
tions. Also, it was found that erratic results were obtained when solutions 
were diluted with distilled water as opposed to dilute aqueous sodium 
chloride. A further study with a Brice-Phoenix photometer has now been 
completed which elucidates some of the earlier discrepancies. 


EXPERIMENTAL 


Five samples of Ludox were studied. These either were fresh or had been 
stored for periods up to 2 years. The concentration of solids was deter- 
mined by evaporation and weighing. Stock Ludox was diluted to a concen- 
tration of approximately 6%. Motes were removed by filtration through 
sintered discs. By dilution of the filtered 6% solution, a range of six or more 
concentration between 14 — 6% was obtained for spectrophotometrice and 
light-scattering measurements. 

Dilution of stock Ludox was carried out with distilled water or 0.05 W@ 
NaCl. The electrical conductivity of 0.05 M NaCl was approximately 
equivalent to that of the Ludox sol. It is probable that small variations in 
the small ion concentration of stock Ludox would be swamped by the 
initial, fivefold dilution with 0.05 M NaCl. 

The spectrophotometric turbidity, 7,, was measured in a Beckman DU 
spectrophotometer using 10 cm. cells. Values of (c/7,)-—0 were obtained by 
extrapolating the graphs of c/7, vs. c to zero concentration. 

Initial light-scattering observations were made in the semimicro ap- 
paratus (SMA) described previously (9). Later measurements were carried 
out with a Brice-Phoenix apparatus (BPA) using the normal-width beam 


1'This work was begun at the Atlantic Regional Laboratory of the National Re- 


search Council, Halifax, N.S., and completed at the Pulp and Paper Research Insti- 
tute of Canada, Montreal, Quebec. 
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and a 40 X 40 mm. semioctagonal cell (10). The light-scattering turbidity, 
Ti, was computed from the 90° intensity, Iso, from the data supplied for 
the instrument; (¢/7,)--0 was obtained by extrapolating the graphs of 
c/T1, VS. ¢ to zero concentration. 

The accuracy of the absolute values of +, was checked by a light-scatter- 
ing determination of the Rayleigh ratio of benzene and the turbidity of 
Debye’s standard polystyrene? in toulene. For benzene, a Rayleigh ratio of 
49.6  10~§ cm. was found at \) = 436 my, in excellent agreement with 
the value of 49.7 X 10-® em.-! reported by Maron and Lou (12, ef. 10, 11). 
For the standard polystyrene solution, an excess turbidity of 3.25 < 10-3 
cm.~' was found at \ = 436 mu; the value quoted in the instructions for 
use of the sample was 3.30 & 107? cm.7. 

The above procedure was not possible with the SMA, because no absolute 
method of determining 7; was available. A calibration constant, C, was 


obtained fr om. 
(: ) = e 
Ts/ c=0 I 90/ c=@ 


and trends in C were noted. 

Dissymmetries at zero concentration were less than 1.05. With Ludox no 
correction was necessary for this effect, because the 90° intensity from a 
slightly dissymmetrical envelope, generated by spherical scatters, is very 
nearly equal to the 90° intensity from a Rayleigh system with the same 
tr. (cf. 9). Depolarization at c = 0 was negligible. 


RESULTS AND DISCUSSION 


At least two separate experiments were performed for each set of con- 
ditions (e.g., sample, diluent, wavelength). With the SMA, reproducibility 
of intercepts obtained by extrapolation was +6% for spectrophotometric 
data and +7% for light scattering. Considerably greater care was taken 
for the measurements with the BPA in which reproducibility for spectro- 
photometric and light-scattering data were +1.7% and +1.38%, re- 
spectively. 

In the initial experiments with the SMA, some calibrations were at- 
tempted using pure water as a diluent. Results were extremely erratic and 
are not reported. Dilution with 0.05 M NaCl was then found more satis- 
factory. With the BPA, dilution with water and with 0.05 M NaCl was 
compared. In general, greater regularity of data was found when the 
electrolyte was used. For example, the average error in duplicate determina- 
tions of (c/71)-=0 was 2.7 % for dilution with water and 0.5% with 0.05 MW 


NaCl. 
2 We are indebted to Prof. P. Debye for the sample of standard polystyrene. 
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Variation of ¢/r, with c can be affected by: 
a). attenuation of the incident beam and scattered light (c/rz increases 
with c) (6); 

b). secondary scattering (c/r, decreases with c) (7); 

c). intermolecular interaction (c/rz increases with c). 

In the BPA, attenuation is compensated by comparison of the scattered 
intensity with the transmitted beam. A similar correction was made for the 
SMA. However, there was no simple way to separate the effect of inter- 
action and secondary scattering. A quantitative analysis (particularly of 
the latter) would be extremely complex and was not attempted. However, 
as emphasized by Maron and Lou (6), and Kraut and Dandliker (7), these 
effects are eliminated if extrapolation to zero concentration is possible. 

With the BPA, certain trends were noted in the concentration dependence 
of both c/r, and c/r,, examples of which are shown in Fig. 1. If secondary 
scattering is assumed to be a negligible effect in the spectrophotometric 
measurements, the slope of the c/7; vs. c curve must be due to interaction 
alone. Slopes were greater in the case of dilution with water. For example, 
in Fig. 1 the slope of c/7, vs. c increased from 0.7 cm. for 0.05 M@ NaCl to 
2.3 cm. for water. This effect is probably due to the increased ionization 
of the silica at lower counter ion concentrations. 

At finite concentrations c/r, was less than c/r, owing to the increase of 
tr by secondary scattering. This is in agreement with the results of Kraut 
and Dandliker (7). As shown in Fig. 1, the effect was appreciable, and it 
emphasized the need for extrapolation to zero concentration. With BPA an 
error of 20% could result in working at a concentration of 1% silica. For 
dilution with 0.05 M NaCl, c/r, and c/7, usually varied linearly with c. 
This facilitated extrapolation. In aqueous solution, the graphs were often 
slightly curved and extrapolation was more uncertain. 


Cr x 10° (gmem*) 


BECKMAN 


0.05M Nacl 


i} 2 3 4 5 
C x10? (gm.cm>) 


Fig. 1. Graphs of c/r, (Beckman) and c/r,y (light scattering) vs. c at \ = 436 mu for 
Ludox 5 (Table II) diluted with water and 0.05 M NaCl. 
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TABLE I 


Values of C from Transmission and Light-Scattering Data with the SMA. Dilution Was 
with 0.05 M NaCl. The Wavelength Was 5461 A. 


Sample Age (years) (@ 
1 2 203 
2 1 222 
3 0 241 
TABLE II 


Values of (c/r)c=0 from Transmission and Light-Scattering Data with the BPA 
1000 (¢/r)cu9 g. cm. 


he _ »A = 436 mu = 546 mu 
Sample (years) Diluent Trans. ES Trans. LS 
Ludox 4 1 Water 111 126 268 298 
Ludox 5 0 Water 89 90 237 220 
Ludox 4 1 0.05 M NaCl 89 100 Pali 222 
Ludox 5 0 0.05 M NaCl 67 69 160 162 
PS Water 0.457 0.479 1.183 1207 


The values of C for the first three samples of Ludox are given in Table I. 
It is clear that a 20% decrease in C' occurred from the fresh to the older 
sample. This decrease is confirmed by the results in Table II, in which 
(c/Ts)e-0 is about 10% less than (c/7,)-~0 for the 1-year old sample but 
equal to (c/rz)--0 for the fresh solution. Such an effect is probably due to 
the development of light absorption on aging which would give an erro- 
neously high value for 7, in the older samples. It is also possible that the 
differences in light scattering and spectrophotometric behavior may be due 
to manufacturing variations in the samples used; however, the regularity 
of the trends suggests an aging effect. 

It is interesting to note that there is no critical criterion of nonabsorption 
of light by the calibrating solution. my a Rayleigh system of small iso- 


tropic spheres, A‘7 (more correctly (9)) is constant for change 


(n a (aati ig 
in \; a number of workers have observed such constancy for Ludox sus- 
pensions (1, 2, 3, 5, 8, 9). But the fourth power relationship could obtain 
approximately in spite of appreciable absorption at all wavelengths. The 
absence of absorption in the fresh solution of Ludox is suggested by the 
agreement between (c/r;).-o and (¢/rz)--0; and the reliability of ry, is sup- 
ported by the correctness of the Rayleigh ratios for benzene and Debye’s 
standard polystyrene. But there is no proof of nonabsorption for fresh 
Ludox, and the results suggest that aged Ludox solutions absorb light. 
Light absorption in silica suspensions is probably associated with im- 
purities in the dispersed phase. Thus its effect would be diminished if a 
similar scattering intensity could be achieved at a much lower concentra- 


: 3 . r 
tion. A monodisperse polymer latex of suitable particle size (~ as seemed 
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a logical alternative to Ludox. Accordingly, exploratory calibration experi- 
ments were carried out with a monodisperse polystyrene latex® of spherical 
particles 88 my in diameter (13). A suitable range of concentration was 
0.005 — 0.03% compared with 1 — 6% necessary with Ludox. Dissym- 
metries were (1.36)x<436 and (1.23)<=346; but factors correcting Io to the 
value for the equivalent Rayleigh envelope were only 1.021 and 1.009, 
respectively. Values of c/7, were constant for change in c showing negligible 
interparticle interaction. As shown in Table II, fair agreement was found 


between (c/r,)cx0 and (¢/71)c—o. 


CONCLUSIONS 


In conclusion, it may be said that Ludox is suitable for light-scattering 
calibration when 

a). Dilution is made with 0.05 M NaCl instead of water. 

b). Results are extrapolated to zero concentration. 

c). Fresh solutions are used. 

A polystyrene latex of suitable particle size can also be used, considerably 
lower concentrations being necessary. 


REFERENCES 


1. Tinrzn, F., anp Neurata, H., J. Biol. Chem. 194, 1 (1952). 
2. Ostmr, G., J. Polymer Sct. 9, 525 (1952). 
3. Mommaznrts, W. F. H. M., J. Colloid Sci. 7, 71 (1952). 
4, EpetHocy, H., Katcuarsxt, E., Maypury, R. H., Hueuss, W. L., anp EpsALu, 
J.T., J. Am. Chem. Soc. 75, 5058 (1953). 
5. Orn, A., Oru, J.. anp Dusreux, V., J. Polymer Sci. 10, 551 (1953). 
6. Maron, 8. H., anp Lou, R. L. H., J. Polymer Sci. 14, 29 (1954). 
7. Kraut, J., AnD Danpuiker, W. B., J. Polymer Sci. 18, 563 (1955). 
8. Hucuss, W. J., Jounson, P., AnD Orrewitu, R. H., J. Colloid Sci. 11, 340 (1956). 
9. Gortne, D. A. 1., Can. J. Chem. 31, 1078 (1953). 
10. Brice, B. A., Hatwer, M., anp Spnismr, R., J. Opt. Soc. Amer. 40, 768 (1950). 
11. Carr, C. I., anp Zim, B. H., J. Chem. Phys. 18, 1616 (1950). 
12. Maron, S. H., ann Lou, R. L. H., J. Polymer Sci. 14, 273 (1954). 
13. Braprorp, E. B., anp VANDERHOFF, J. W., J. Appl. Phys. 26, 864 (1955). 


* Kindly supplied by Dr. J. W. Vanderhoff of the Dow Chemical Company. 


JOURNAL OF COLLOID SCIENCE 12, 417-418 (1957) 


AN EQUATION OF STATE FOR LECITHIN MONOLAYERS 


D. G. Hedge 


Chemistry Department, The University, Nottingham, England 
Received July 30, 1957; revised April 12, 1957 


In a recent paper by Phillips and Rideal (1) a general equation of state 
for a monolayer was derived. For the case of an uncharged monolayer this 
equation reduced to 


GE. pki de: 
FER ER a 
where 7z is the surface pressure, A is the surface area, k is the Boltzmann 
constant, 7’ is the absolute temperature, c, is the surface concentration, 
and E, is the cohesive attraction energy. The equation was shown to hold 
for a film at the oil/water interface, where HL, = 0 owing to the fact that 
the hydrocarbon chains anchored at the interface are indistinguishable 
from the hydrocarbon oil molecules displaced from the interface. 

At the air/water interface, however, H, # 0, and cohesive forces must 
be considered. Langmuir (2) included a force constant 7 in his equation 


for liquid films: 


an —H,—A 


(x — mo) (A — Ao) = KT. [2] 


In Eq. [2] Ao is the limiting area of the film molecules. An equation simi- 
lar in form to the Langmuir equation may be derived from Eq. [1] by allow- 
ing for the cohesive energy. By analogy with three-dimensional systems 
the cohesive energy may be taken to be proportional to the square of the 
surface density, or inversely proportional to A’. If a is the proportionality 
constant, then substituting H, = a/A® in Eq. [1] gives 


a Ad 2 KE deson 
Arg ag (/A) te =O. [3] 
Since c, © 1/A, 
ede ee 
fo a ee ee 4 
c, dA A if 
and Eq. [8] becomes 
a Qo wank Dee 
atid waa oh 
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, TABLE I 
A(A2/molecule) xo (dynes/cm.) 10 a 
65.0 13.6 5.7 
62.14 13.9 5.4 
60.73 14.1 522 
57.91 14.9 5.0 
55.08 15.7 4.8 
52.97 N/a 4.8 
52.26 17.9 4.9 
§1.55 18.8 5.0 
49.43 23:1. 5.6 
or 
5 


For a liquid film the areas are not large enough for the area occupied by 
the molecules themselves to be neglected. The area A must then be re- 
duced by the limiting area of the film molecules, Ao , giving the equation 


(= re a \a An) hima ht [6] 


Equation [6] has been tested using films of a sample of lecithin similar 
to that used in a previous paper (3). At pH 7 lecithin is effectively un- 
charged, and it is liquid up to considerably high surface pressures. Since 
lecithin has two saturated n-long-chains A» was taken to be 40 A®. Table 
I shows values of the constant a over a range of areas; also shown are values 
of mo from Eq. [2]. 

The improvement of Eq. [6] over the Langmuir equation is shown in 
Table I since, whereas 79 varies considerably, a is around 5 X 10‘ for quite 
a large range of areas. Although the equation has been tested only with 
lecithin its application to other uncharged liquid monolayers is intended. 
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ABSTRACT 


A detailed study of the interactions between monolayers of stearic acid and 
cholesterol and dissolved proteins has been carried out from a theoretical point of 
view. In addition to measurement of the activation energy of the adsorption an at- 
tempt has been made to investigate the thermodynamics of the systems. Changes in 
surface pressure as a result of injecting a lipid film with protein have been attributed 
to penetration of the film by the larger nonpolar side chains of the first adsorbed layer 
of protein. An equilibrium has been thought to exist between those side chains pene- 
trating the lipid monolayer and those immediately beneath the surface. By this 
means it has been possible to compare the adsorption energies of different proteins 
and to calculate the number of side chains penetrating the lipid. It has been shown 
that a little under half the available side chains penetrate stearic acid films, but 
far less are able to penetrate cholesterol films. 


INTRODUCTION 


A technique has recently been developed (1) for spreading proteins at a 
lipid monolayer/water interface, using stearic acid and cholesterol as the 
lipids. The work has been extended to include more complex substances (2) 
such as lecithin and cephalin, and the nature of the lipid was found to have 
a pronounced effect upon the structure of the lipoprotein layer formed. By 
studying the effect on the surface pressure of injecting various quantities 
of protein under a lipid monolayer it was possible to obtain isotherms from 
which the structures of two adsorbed layers of protein could be deduced. 
Evidence was provided for an interaction between the peptide bonds of 
the first sublayer of protein and the polar groups of the lipid, an exception 
to this rule being lecithin, where the active groups of the protein were the 
negatively charged side chains. 

It was suggested in the previous papers that the rise in surface pressure 
following injection of a lipid film by a protein was caused by penetration of 
the film by some of the nonpolar side chains of the protein. The object of 
the present paper is to test this postulate by carrying out a thermody- 
namical study of the interactions. A comparison of the adsorption energies 
for different proteins was effected, and an estimate was made of the number 
of side chains penetrating the lipid monolayer. In addition to this the effect 
of temperature was investigated, so enabling the activation energy of the 
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process to be determined. By these means a more detailed picture of the 
mechanism of the interaction and of the structure of the lipoprotein layer 
was obtained. 


EXPERIMENTAL 


The interactions studied from the point of view of varying the tempera- 
ture were those between stearic acid films and bovine plasma albumin 
(BPA), insulin, and lysozyme at pH 7.4 and ionic strength 0.15. The film 
balance and materials were similar to those described in the earlier work (1). 

Variation of temperature was carried out by enclosing the surface trough 
in an insulated box and circulating water from a thermostat round the walls 
of the box and through a glass snake which fitted into the trough and was 
completely immersed. In this way the temperature of the air was kept near 
that of the water, which was constant to +0.1°C. The presence of the glass 
snake was shown to have a negligible effect on the results obtained. 

The temperature was varied from about 3°C. to 30°C., and marked 
differences in the initial rate of increase of surface pressure, dz/dt, were 
noted. The procedure used to measure dz/dt was to start the stop watch 
at the beginning of the injection and take readings of the surface pressure 


° 29.6°C 


12 ~ LD 3.676 


II Dyne/crm. 


2 3 4 5 6 
Time,min 


Fie. 1, Surface pressure/time curve for injection of stearic acid films by insulin at 
various temperatures. 
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Insulin 


Lysozyme 


0.0033 00034 0.0035 0.0036 
/t 


Fig. 2. Temperature dependence of the rate of adsorption by stearic acid films. 


every 30 seconds, or in the case of insulin, every 15 seconds.! The amount 
of protein injected was always 0.02 mg. 


ACTIVATION ENERGY OF ADSORPTION 
Examples of the increase of surface pressure 7 with time ¢ are shown in 
Fig. 1. Since the total rise in surface pressure Az, at equilibrium was found 
proportional to the number of molecules injected, all of which were assumed 
to be adsorbed, i.e., Am. = knaas , it is assumed that the rate of adsorption 
is given by 


dn Wedyes OT =I 
oe = —* . — molecules sec -. 


In fact Az./naas was found to be a constant independent of tempera- 
ture, so that activation energies can be derived to a first approximation 
from a plot of log dx/dt vs. 1/7. The data are shown in Fig. 2, where the 
dr/dt values are taken as the maximum slopes of the curves in Fig. 1, and 
scales have been adjusted to bring all three curves onto one diagram. 

Table I shows the values to lie in the range 7000 + 3600, and the scatter 
of points to be such that, at least in the first two cases, the differences in # 


are not significant. 


COMPARISON OF ADSORPTION ENERGIES 


It has been assumed in the thermodynamical study that the rise in sur- 
face pressure following injection of a protein under a lipid film, is caused 


1 The stearic acid film was brought to an initial surface pressure of 2 dynes/cm. 
before injection, the total film area being 0.025 m.?. 
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TABLE I 
Activation Energies for Adsorption on Stearic Acid Monolayers 
Protein E (kcal./mole) 
BPA 4,200 
Insulin 6,000 
Lysozyme 10,600 


by penetration of the monolayer by the nonpolar side chains of the protein. 
Work by Cumper and Alexander (3) and Davies (4, 5) suggests that the 
only side chains likely to penetrate the lipid film would be those of such 
amino acids as valine, leucine, isoleucine, proline, phenylalanine, trypto- 
phan, and tyrosine. The proteins have then been taken to consist only of 
these amino acids, and the basic postulate for the thermodynamical study 
is that an equilibrium exists between the side chains penetrating the lipid 
film and those immediately beneath the surface. 

Langmuir (6) has shown that there is a constant arithmetical increase 
in the work done when a molecule passes from the interior to the surface 
layer for each additional CHe in the chain. Owing to the varying amino acid 
composition of the proteins used, the nonpolar side chains (NPS) will have 
slightly different average chain length. This provides a method of testing 
the theory of penetrating side chains. The number of amino acids in the 
proteins used, taken from the tables of Tristram (7), and the average chain 
length per NPS are shown in Table II, in which R is the total number of 
amino acid residues. The units of molecular weight for BPA, fibrinogen, 
insulin, and lysozyme are taken to be 69,000, 100,000, 12,000, and 15,000, 
respectively. 

In order to compare the free-energy changes for two proteins it is neces- 
sary to consider the sublayer concentration of NPS required to give the 
same change in surface pressure. 

Since it has been shown that, for the first adsorbed layer, the rise in sur- 
face pressure is proportional to the amount of protein injected (1), the 
concentrations to be compared may be taken to be c/Az, where c is the total 
number of NPS injected for the formation of the first sublayer and Az is 
the corresponding rise in surface pressure. The difference in the free-energy 


changes for the adsorption of two proteins, denoted by subscripts 1 and 2, 
is then given by 


Amie: 
AG, — AG, = RT In (1] 
T2Cy 
TABLE II 
Amino Acid Composition of Proteins 
Protein R per unit NPS per unit Average CHe per NPS 

BPA 588 188 4.3 
Fibrinogen 845 250 4.6 
Insulin 103 42 4.3 
Lysozyme 127 37 5.0 
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TABLE III 
Comparison of Adsorption Energies for Proteins and Stearic Acid 
- Co 
Proteins nee ee i 
BPA (1)—insulin (2) 34 — 
Fibrinogen (1)—BPA (2) 143 477 
Lysozyme (1)—BPA (2) 308 440 
Lysozyme (1)—insulin (2) 342 489 
Lysozyme (1)—fibrinogen (2) 165 412 
Fibrinogen (1)—insulin (2) 177 590 


The values of Aw used in these calculations were, where possible, those 
given by the uncharged molecule, when the maximum value is obtained 
(1). In all cases except BPA these were the same as those quoted for the 
first sublayer at pH 7.4 in the earlier paper (1). With BPA Az at the iso- 
electric point (pH 4.9) was found to be 13.85 dynes/cm. for stearic acid and 
8.4 dynes/cm. for cholesterol. 

Consider stearic acid adsorption of BPA and insulin. The weight of BPA 
required to form the first sublayer is 0.021 mg. (1), or 3.05 X 10°” mole. 
Since there are 188 NPS per molecule of BPA the concentration c in Eq. 
[1] is 5.73 X 10°. For BPA then, where Az is 13.85 dynes/cm. Az/c is 
2.42 X 10°. Similarly, for insulin Ar/c is 2.57 X 10°. Substituting in Eq. 
[1] at 17°C., with RT = 580 cal./mole 


2.42 
AG, = AG» a 580 x Wes 3° x log 2.58" 


Table III shows AG; — AG: for stearic acid adsorption. Using the differ- 
ence in the average number of CH: groups per NPS for the two proteins 
the energy change is shown also for each CH: group. The corresponding 
quantities for cholesterol adsorption are given in Table IV. 


NuMBER OF PENETRATED SIDE CHAINS 


The isotherm usually employed for the problem of adsorption at an 
interface is that of Gibbs. The modification made by Pethica (8) to allow 
for the presence of an insoluble monolayer and excess neutral electrolyte 
takes the form 


dx = ¢RTTd log m, [2] 
where I’ is the surface concentration of the penetrating species, m is the 
bulk concentration,’ and ¢ is given by 

¢ = A/(A — A). [3] 
In Eq. [3] A is the spread area per molecule of the insoluble monlayer and 


2 In our work m is the effective concentration of nonpolar side chains in the solu- 
tion immediately under the monolayer, proportional to the weight of protein injected 
for our standard conditions. 
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TABLE IV 
Comparison of Adsorption Energies for Proteins and Cholesterol 
rate AGi — AGs Energy change per CHe 
roteins (cal./mole) (cal./mole) 
Insulin (1)—BPA (2) 25 oa 
Fibrinogen (2)—insulin (2) 192 670 
Fibrinogen (1)—BPA (2) 217 702 


A is the partial molar area of the spread molecules. Owing to the low com- 
pressibility of the lipid monolayers, A at a given surface pressure is taken 
to be the same as the area of lipid in a monlayer of pure lipid at that pres- 
sure. 

It follows from Eq. [2] that a plot of 7 against log m should give a straight 
line. Such a relationship was obtained by Pethica (8) for absorption of 
sodium dodecyl sulfate by cholesterol films, and by Crisp (9) for adsorption 
of amines by acid films. The curve in Fig. 3 shows that in the present 
systems a straight line is obtained only up to the completion of the first 
layer, after which it curves over sharply. The Gibbs equation may then be 
applied for the first sublayer of protein, enabling a calculation of I, and 
hence the number of penetrating side chains, to be effected. In Eq. [2] 
A and A may be obtained from the r/A curves of the lipids. 

The force/area curves for stearic acid and cholesterol are shown in Figs. 


A II Dyne/cm 


et ii 
9 Log m i) 


Fie. 3. Plot of surface pressure rise, Av, against log m for injection of stearic acid 
films by insulin. 
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II Dynes/cm. 


18 i) 20 2| 22 23 24 25 
2 


/molecule 


Fic. 4. Force/area, 7/A, curve of stearic acid. 


4 and 5, respectively. In each case the substrate was a 0.04 MW phosphate 
buffer of pH 7.4, with the ionic strength made up to 0.15 with sodium 
chloride, the temperature being 16.7°C. The presence of three condensed 
phases in the stearic acid curve may be due to the salt in the substrate, 
since a similar effect was observed by Harkins (10) for octadecyl alcohol, 
though a curve similar to that in Fig. 4 was obtained by Ries and Cook 
(11) for stearic acid on distilled water. 

A second method of calculating the number of penetrated NPS is by 
considering a geometrical model. The “free space” available on compressing 
the lipid film from the initial surface pressure to the final one is given by 
(A — A) per molecule of lipid. This space can then be considered to be 
occupied by penetrating side chains, and since there is one amino acid 
residue per lipid molecule (1), the proportion of the available NPS which 
penetrate can be determined. Most of the hydrocarbon groups are rather 
bulky, and the average cross-sectional area may be taken to be that of an 
isobutyl chain (30 A’). 

The calculations using the Gibbs equation and the geometrical model 
were carried out using the same conditions of pH as in the comparison of 
free energies of adsorption. Taking the case of stearic acid and insulin, the 
slope of the straight portion of the curve of m against log m is 16.5, thus 
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36 37 38 39 40 41 42 43 44 45 46 


2 
“/imolecule 
Fig. 5. Force/area, 7/A, curve of cholesterol. 


giving A/(A — A) RT. Since the initial area of the stearic acid film is 24.6 
A?/molecule and the partial molar area A at the completion of the first 
sublayer is 19.37 A?/molecule, ¢ is 24.6/5.23 = 4.71. The concentration of 
NPS, T, is then 16.5/4.71 X 580 = 0.006 molecule/A?. The previous work 
(1) showed that for the first sublayer of protein there is one amino acid 
residue per stearic acid molecule; thus the total area per amino acid residue 
is 24.6 A*. It follows that the ratio of the number of amino acids to the 
number of penetrated NPS is 1/0.006 X 24.6, and since the total number 
of amino acid residues per molecule of insulin is 103 the number of pene- 
trated side chains per molecule is 103 X 0.006 X 24.6 = 15. Calculating the 


TABLE V 
Number of Penetrated Side Chains for Stearic Acid 
Penetrated NPS 
Protein A (A2/molecule) A (A2/molecule) Geometry Gibbs 
BPA 24.6 19.94 92 89 
Insulin 24.6 19.37 18 15 
Fibrinogen 24.6 2113 98 57 


Lysozyme 24.6 21.54 14 G 
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TABLE VI 


Number of Penetrated Side Chains for Cholesterol 
Penetrated NPS 


Protein A (A2/molecule) A(A 2/molecule) Geometry Gibbs 
BPA Saeed 3080, 28 26 
Insulin 37.1 35.5 5 4 
Fibrinogen Soll 36.2 25 iil 


corresponding number by the geometrical method the free space is 5.23 A? 
per molecule of stearic acid or 103 X 5.23 = 540 A? per molecule of insulin. 
If each penetrating chain has a cross-sectional area of 30 A? the number 
able to penetrate from each protein molecule is 540/30 = 18. The results 
of these calculations are shown for stearic acid in Table V and for cho- 
lesterol in Table VI. 


DISCUSSION 


It is evident from the values of the activation energy that only a weak 
interaction exists in these systems, since all the figures in Table I are small. 
In order of magnitude they are comparable with the activation energy for 
the self-diffusion of water, for which Davies (12) quotes a value of 5300 
cal./mole. Since the activation energies for adsorption of BPA and insulin 
are close to this figure it would appear that the rate-determining process, 
at least in the case of these proteins, is the diffusion of water away from the 
surface. If the higher activation energy of lysozyme is true, it would suggest 
the presence of an additional energy barrier, possibly derived from the 
much smaller tendency of this protein to form a monolayer. In the case of 
cholesterol this extra energy barrier is sufficient to prevent any adsorption 
at all (1). Stearic acid at pH 7.4 is negatively charged, however, whereas 
lysozyme is positively charged, so this electrostatic attraction will lower the 
energy barrier sufficiently for adsorption to take place. 

When the free energies of adsorption are considered it is seen that the 
energy changes per CH: group are fairly constant for the same lipid, being 
about 500 cal./mole for stearic acid, and about 700 cal./mole for cholesterol. 
It is interesting to compare these figures with the values obtained by 
previous workers. Langmuir (6) obtained a value of 625 cal./mole for ad- 
sorption of a methylene group at the air/water interface, thus agreeing with 
the above figures. However, Pankhurst (13), who studied penetration of 
short-chain polar substances into monolayers of fatty acids and sterols, 
obtained adsorption energies which varied from 700 to 1100 cal./mole 
CH). He concluded that AG is larger for penetration of an insoluble mono- 
layer than for adsorption at an air/water interface. This was supported by 
Crisp (9), who obtained a value of 800 cal./mole for the energy per CH» 
of penetration by amines of acid monolayers. Since these figures are close 
to those found for the partition of compounds between nonpolar liauids 
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and water, Crisp concluded that an ion with a hydrocarbon chain is ad- 
sorbed with all its methylene groups present in the nonpolar region of the 
monolayer. 

The conditions operating in the present systems are rather different from 
those described in the papers of Crisp and Pankhurst, since the hydrocarbon 
chains are joined to the peptide chains of the protein. This could prevent 
some of the methylene groups from penetrating the lipid monolayer and so 
lower the apparent energy per CH. group. 

A consideration of the number of penetrated side chains enables the de- 
tailed structure of the lipoprotein layer to be obtained. In comparing 
Tables V and VI with Table II it is noticed that in the complexes formed 
with stearic acid a little under half the total number of NPS penetrate the 
lipid film. With cholesterol, on the other hand, far fewer side chains pene- 
trate. One reason for this is probably the higher initial surface pressure used 
for cholesterol adsorption; another is possibly the much larger bulk of the 
cholesterol hydrocarbon group, preventing penetration for stearic reasons. 
In effect, the overall explanation for the difference in behavior of two 
lipids may be found by comparing the compressibilities of two mono- 
layers over the region of the 7/A curve used for the adsorption. From 
Figs. 4 and 5 it is seen that the adsorption occurs over the liquid con- 
densed region of the stearic acid curve, but in the region of lowest com- 
pressibility with cholesterol. There is consequently less free space in com- 
pressing a film of cholesterol over a given range of surface pressures. 

Comparing the two methods of calculating the number of penetrating 
NPS it is seen that, although there is quite good agreement with BPA and 
insulin, the values derived from a geometrical model are larger than those 
obtained from the Gibbs equation. A similar effect was observed by Pethica 
(8), and it is probably due to the limitations of the geometrical method. 
It has been assumed that the 7/A curve of the lipid is followed also by the 
complex film, the same cohesive forces existing. This will not be true how- 
ever, since the hydrocarbon content of the penetrating side chains is far 
less than that of both stearic acid and cholesterol. The cohesive forces will 
therefore be less than those operating in films of the pure lipids, and the 
number of penetrating side chains calculated by this method correspond- 
ingly high. 

The foregoing thermodynamical treatment of these systems not only 
gives information about the mechanism of formation and structure of the 
lipoprotein layer, but the consistency of the adsorption energies provides 
a justification for the theory of penetrating side chains. In view of this it is 
most unlikely that protein molecules are penetrating the lipid film in their 
entirety. A further point against a “patchwork-type” mixed film forma- 
tion is that each protein should exhibit the same behavior towards all 
lipids, and the maximum surface pressure reached should be the collapse 
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pressure of the protein. Consideration of the case of BPA at pH 7.4 shows 
that the nature of the lipid had a considerable effect on the results, since 
the maximum surface pressures reached with stearic acid, cholesterol (1), 
and lecithin (2) were 10, 17, and 9 dynes/cm., respectively, compared to a 
collapse pressure of 16 dynes/cm. for BPA. The differences here are not due 
to the state of the lipid film since, whereas stearic acid has some solid 
character, cholesterol and lecithin films are liquid. 
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BOOK REVIEWS 


Steric Effects in Organic Chemistry. Edited by Metvin 8S. Newman. John Wiley & 
Sons, Inc., New York, 1956. 710 pp. Price $12.50. 

Thirteen chapters are included in this valuable and timely book: 

1. Conformational Analysis (60 pp.) by W. G. Dauben and K. S. Pitzer; 
2. Substitution at Saturated Carbon Atoms (103 pp.) by E. L. Eliel; 
3. Steric Effects in Aromatic Substitution (88 pp.) by G. S. Hammond and M. F. 
Hawthorne; 
4. Additions to Unsaturated Functions (48 pp.) by M. 8S. Newman; 
5. Intramolecular Rearrangements (54 pp.) by D. J. Cram; 
6. Olefin Forming Elimination Reactions (44 pp.) by D. J. Cram; 
7. Cleavage Reactions of the Carbon-Carbon Bond (89 pp.) by H. H. Wasserman; 
8. Steric Effects among the Common Organometallic Compounds (29 pp.) by G. F. 
Wright; 
9. Steric Effects on Equilibrated Systems (46 pp.) by G. 8. Hammond; 
10. Molecular Complexes and Molecular Asymmetry (12 pp.) by M. 8. Newman; 
11. Steric Effects on Certain Physical Properties (44 pp.) by L. L. Ingraham; 
12. Calculation of the Magnitude of Steric Effects (82 pp.) by F. H. Westheimer; 
13, Separation of Polar, Steric and Resonance Effects in Reactivity (119 pp.) by 
R. W. Taft, Jr. 

These chapters have been written by chemists who are very active in research. 
Indeed, the first impulse of the reviewer is to commend Professor Newman for the 
selection of collaborators and to congratulate him for getting the job completed 
within a reasonable period of time, considering the active publication record of most 
of the contributors. 

One is not surprised to find a fresh and inquisitive approach to the subject matter 
in many of the chapters. The material is obviously alive in the minds of the writers. 
Of course, one finds variations in depth and, in spite of a thorough editorial job, in 
style among the chapters. Some of them, for example, Chapters 1, 2, and 18, discuss 
material extensively covered in the recent literature; however, in the case of Chapters 
2 and 13 the present treatment is so thorough as to justify the duplication of effort. 
In some cases, for instance, Chapters 7, 8, 10, and 11, the emphasis on steric factors 
should be novel and stimulating to many readers. Other classical playgrounds of 
steric vs. polar factors have been properly covered, i.e., in such chapters as 3, 4, 5, 6, 
and 12. The effort to avoid superficiality in the treatment of inherently complex 
situations is apparent in many of these, for instance, in the discussion of the large 
ortho/para ratios in compounds bearing certain meta-substituents (a l7s)e 

The book is beautifully printed. A thorough study of it is earnestly recommended. 

Fausto Ramirez, New York, New York 


The Chemistry of Phenolic Resins. By Roperr W. Martin. John Wiley & Sons, 
Inc., New York, 1956. 298 pp. Price $9.50. 


This book deals not only with the chemistry of the resins from phenols and alde- 
hydes and ketones but for the first time emphasizes the use of the chemicals from such 
condensations in various other fields. Thus the author has tabulated in very con- 
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venient form such products as the phenol alcohols and the bisphenols many of which 
find only minor resin uses. 

All libraries and all research groups which touch upon the phenols and polyphenols 
or the aldehydes and the ketones should have this book as a valuable reference vol- 
ume. The literature coverage for the various chapters is quite adequate and is a 
valuable part of the book. The general picture of the phenolic resin reaction series is 
given in somewhat more detail than is available in any previous volume. The effects 
of phenolic substitutents, phenolic functionality, phenol-aldehyde ratio, and the 
catalysts used are quite well presented. The complications due to high reactivity 
of the reaction are intermediates, but in a separated form. 

Scattered throughout the book are sufficient new and unpublished data (for in- 
stance, p. 21, line 15) to intrigue the expert worker in phenolic materials. The author’s 
analysis of the competing reaction problems will be of interest (p. 22) to chemists in 
many fields. His own improved separation method has added to the chemical knowl- 
edge of these materials. 

The chapter on bisphenols is quite complete and calls attention to a field which is 
destined to grow to large volume usage even beyond the resin field. 

Chapter 4 on the phenolic resins shows a good understanding of this complicated 
subject. Here the distinction between one-step and two-step resins comes not entirely 
from the catalyst but is a combination of the catalyst and the phenol-formaldehyde 
ratio. Thus alkaline catalysts for novolac resins are used with considerable production 
difficulty as is noted on p. 111. In the same way acids will give heat-hardening resins 
with much difficulty as to control. As a comment on an omission the problems of 
stability of the methylene linkage are not fully covered. 

The heat cure of phenolic resins is well described as a complex process. The acid 
cure is somewhat oversimplified. It should be said that the first part of the acid set 
can be reversed by an addition of alkali, indicating that the first effect is a solubility 
effect. However, the next step is a water release (or a vapor release) which is not so 
easily reversed. 

The chapter on reactions of phenol-aldehyde products gives hints as to important 
present uses with unsaturated compounds and as to many future uses with halogens, 
acids, bases, oxygen, and hydrogen which should be of interest to most organic 
chemists. 

The reviewer considers that this volume has covered a rather difficult subject in a 
very effective manner. It will enable all polymer chemists to be up to date on the 
oldest condensation polymer field viewed from the organic chemical angle. 

The data covered by this chapter are being rapidly expanded by current literature 
so for this section the literature past 1954 should be periodically reviewed. 

Howarp L. Brenper, Bloomfield, New Jersey 


Chemical Engineering Practice. Vol. 1: General; Vol. 2: Solid State. Ndited by 
Herpert W. Cremer AND TreFor Daviss. Academic Press Inc., New York, 1956. 
Vol. 1, 494 pp. Vol. 2, 632 pp. Price $17.50/volume (subscription price $13.30/volume). 

These volumes are the first two of a series of twelve intended to present “the 
various stages of development of a manufacturing process from the laboratory bench 
to the completed factor.’’ Most of the contributors are British, as are the editors. 
The approach is akin to the engineering science method, “the classification employed 
being based on underlying physicochemical principles rather than upon the actual 
operations which give effect to them.”’ 

Volume 1, entitled General, contains a review of the history of chemical engineering 
together with chapters on material and energy balances and other basic chemical 
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engineering calculations. The economics of production and pilot-plant design are also 
considered, the latter in some detail. 

Of more interest to the colloid scientist or surface chemist is Volume 2, entitled 
Solid State. Two rather different subjects are treated in this volume: The first part 
begins with a chapter on the fundamental concepts of the solid state and then goes 
on to treat at some length the properties of metals and metallic alloys. It is pointed 
out that it is still not possible to apply many of the fundamentals to practical prob- 
lems of structures. After a chapter on the properties of glasses, this section concludes 
with a broad, qualitative review of the corrosion of metals. 

The second major subject treated in Volume 2 is the behavior of packed beds and 
porous masses and their applications in filtration, combustion, and transpiration 
cooling. Included also is a section on powder metallurgy. The treatment of flow 
through porous systems constitutes a thorough résumé. In addition to the usual 
material found in such discussions, information on two-phase and molecular flow is 
also presented. It can be argued, however, that much of the subject matter of this 
section might be better included in the volumes on fluid flow promised for the future. 
This, of course, is the conventional method of categorization; it has merit in that the 
properties of the solid material itself are usually of secondary importance compared 
with the fluid properties and nature of the channels. 

This series will constitute a valuable addition to the fundamental reference litera- 
ture of chemical engineering. 

S. K. FrrepLanpger, New York, N. Y. 
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IN MEMORIAM: 
FREDERIC G. DONNAN 


DECEMBER 16, 1956 


F. G. Donnan, F.R.S., emeritus professor of the University College, 
London, died on December 16th, 1956, in Canterbury Hospital. He was 86 
years old and died of old age. ; 

Born in Northern Ireland he had the warmth and temperament of the 
Irish. He was known as the great man in physical chemistry, and his 
interest covered a wide area from chemical thermodynamics to colloids. 

His pioneer contributions to colloid science were of fundamental value 
and remain so today. He investigated emulsification (1), interfacial ten- 
sion (Donnan’s pipette) (2), ionic equilibria across semipermeable mem- 
branes (3), and the stability of hydrophobic dispersions (4). It is stated in 
this latter paper of 1912, that it is the electrical double layer which pre- 
vents particles from coagulating if their kinetic energy is insufficient to 
- pierce the double layer. His interest was not restricted to the study of 
fundamental phenomena (in which he published about 40 papers), but 
: overlapped into the industrial applications, making industry aware of the 
value of colloidal science (5). His imaginative mind was deeply touched by 
: the problems of biological phenomena. He kept in close contact with emi- 
nent biologists and physiologists (A. V. Hill, Jacques Loeb), to find a way 
— to apply his field, physical chemistry, to Life. His address on the ‘““Mystery 
of Life”? summarized his creed (6). ‘The last product of development [of 
Universe] is the mind of man” and “Science, truly understood, is not 
death, but the birth of mystery, awe, and reverence.” In addition to his 
experimental contributions in the field of physiology he made several at- 
tempts to find theories governing Life (7). He contributed in editing with 
Arthur Haas The Commentary on the Scientific Writings of J. Willard Gibbs 
(8), whose writings he greatly admired. 
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ABSTRACT 


Sugar cane juice is an electrophoretically homogeneous suspension of particles. 
Protein adsorbed at the particle surface is stabilized by the high concentration of 
sucrose present, but on dilution, there is an increase in pH of the isoelectric point 
and denaturation takes place. Centrifugal washing completely removes adsorbed 
protein from the chloroplasts but not from the wax particles present in the system. 

Some of the protein in juice is rendered soluble in 70% alcohol, and not available 
for adsorption, below pH 3. Adsorption curves in the cold show minimum protein 
solubility near the isoelectric point and an increase in area of adsorbent due to cal- 
cium phosphate precipitation above pH 6. Protein coagulation on boiling masks 
the latter effect, and the curve of N/particle against pH-is still further changed by 
the loss of amide N from adsorbable material. Some effects of formaldehyde are 
mentioned. 


INTRODUCTION 


In biological fluids such as latex and milk which contain a system of 
suspended particles, electrophoresis and coagulation experiments have 
provided evidence that protein and other substances are adsorbed at the 
particle surface (1). Sugar cane juice is another natural colloid system 
known to contain much material in suspension (this being removed during 
the commercial clarification process) and known to be rich in soluble 
protein and polysaccharide (2, 3); there is, however, little published 
information concerning the physical relationship between these various 
constituents. 

The suspended particles in cane juice which may be seen under the 
microscope have diameters up to 6u, and they have been observed to be 
present in densities ranging between 2.5 X 108 and 1.2 X 10° particles/ml. 
A study of the sediments and supernatant liquids obtained by centrifuging 
juice samples at 1000 g has shown that about 85 % of the particles present 
have diameters around 2u, whereas only 5% have diameters of 4u or 
greater; this size distribution is apparently quite general for the juices so 
far studied (4). 

Investigations into the nature of the suspended particles (4) have shown 
that two main types are present: 
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1. Wax particles, composed mainly of a mixture of esters of ceryl alcohol 
with long-chain fatty acids, but also containing appreciable quantities of 
the free acids and alcohols, some sterols, phospholipids, and unidentified 
resins, the mixture having a specific gravity (ca. 1.2) greater than that of 
the dispersion medium. 

2. Chloroplasts and polysaccharide—or starch—containing plastids 
released from ruptured cane cells. Sediments of particles in the 4-6 yp 
diameter range have a high mineral (mainly silicate) content, and therefore 
suspended minerals must form a third type of particle present in cane 
juice, though only in small amount. Results indicate that between 50% 
and 75 % of all particles in raw juice are of the wax type. 

The total quantity of dispersed phase is small (ca. 0.25 % w/w) and puts 
cane juice in the range of ‘‘dilute suspensions” or sols in which an added 
stabilizer is not necessary to prevent spontaneous flocculation. Nevertheless 
in a system so complex as the extract from crushed plant tissue, it is to be 
expected that a variety of substances, present in solution in the continuous 
phase, would be adsorbed at the particle surface and thereby mask to a 
certain extent the true nature of the particle surface. The heterogeneous 
particle system in cane juice is, in fact, found to be electrophoretically 
homogeneous and can therefore be compared with the classical system in 
which a variety of particles (for instance, quartz, carbon, oil drops, and even 
wool fibers) are introduced into a gelatin solution. Just as in this case it is 
inferred that electrophoretic homogeneity is observed because the particles 
all carry a surface film of gelatin, so in the cases of natural latex, milk, and 
now sugar juice it may be inferred that all particles carry a film of material 
adsorbed from the aqueous dispersion medium. 

In this work attention is focused upon the proteinaceous constituents of 
sugar juice, and the term ‘“‘adsorbed”’ is used to describe that protein which 
is present as a film at the particle surface. However, it has been noted that 
there are three distinct particle types present in juice, and it is quite pos- 
sible that the interaction between particle and protein layer is not in all 
cases purely physical; indeed it has been possible to show that the plastid 
type of particle can be stripped free of its adsorbed layer by repeated 
washing but the wax type can not. 

In the present investigation it has been possible to follow changes in the 
electrophoretic behavior of the system with changes in the extent and 
nature of protein adsorption, and certain physical effects have been found 
which, although not reported, may well take place in other biological colloid 
systems under the appropriate conditions. 


EXPERIMENTAL 


The sugar cane used for this study was of variety B37172, grown under 
normal field conditions at the College Farm. Cane stalks were crushed in a 
laboratory three-roller mill, and the juice was filtered through loosely 
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packed cotton wool to remove fibrous debris and flakes of cuticle wax. All 
determinations on the juice were made within 5 hours after the milling, 
although effects due to decomposition can be detected only after 10 hours 
(5). Unless otherwise stated, all work was carried out at the temperature of 
the laboratory 26° + 1°C. 

Particle density determinations were made by direct counting using a 
Levy counting chamber of a standard hemocytometer. A rather more 
convenient method was based on the measurement of the optical density of 
the suspension, the O. D. being corrected for the small (2 %-3 %) contribu- 
tion of the pigments present in juice, this being determined on a bentonite 
clarified sample. A study was made of the change in O. D. with pH and 
wavelength, and subsequent determinations were carried out in 0.1 M 
acetate buffer at pH 4.5 using light of wavelength 650 my. For particle 
densities lower than 10’/ml. there was shown to be a linear relation between 
O.D. and counted particle density. 

Electrodialyses of juice were carried out using a Marsden cell (6) with 
continuous water flow through the electrode compartments. One hundred 
milliliter samples were electrodialyzed at an initial current of ca. 150 ma., 
and after 4 hours the juice had a specific conductance of ca. 5 X 10-* ohm! 
cries 

Particle electrophoretic mobility determinations were made on diluted 
samples of both electrodialyzed and raw juice as described in the relevant 
section below. Measurements were generally made in phosphate buffers or 
NaCl at a total ionic strength of 0.01. Using NaCl, the pH was adjusted 
using HCl or NaOH, and no difference was detected between mobilities in 
this electrolyte and those in phosphate buffer at the same pH. Suspensions 
were adjusted to a particle density of ca. 10’ particles/ml. by centrifuging 
particles (under 1000 g) from the juice sample until the required dilution 
gave the required density. After dilution the suspension was allowed to 
stand for 30-60 min. before introduction into the electrophoresis cell, 
though no time effects were detected over this period. Salts used to deter- 
mine the reversal of charge concentrations of various cations were the 
nitrates of Th, Ce, Al, Pb, UO:, Zn, Cu, and Sr, and the chlorides of La, Ca, | 
Ba, Mg, Li, Na, and K. | 

Mobility measurements were made by the microelectrophoresis tech- _ 
nique under a magnification of 250 using a Mattson type single tube cell (7) 
of internal diameter 2 mm., of length 10.7 cm., and fitted with platinum 
wire electrodes. Particle velocities were measured over a distance of 135u 
at the satationary level which was located using the method of Henry (8). 
The potential gradient was determined from the current flowing and the 
specific conductance of the suspension in the cell by the method of 
Abramson, Moyer, and Gorin (1); with suspensions in media of low ionic 
strength it was found that the potential gradient could be determined with | 
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sufficient accuracy by means of a voltmeter across the tube electrodes. 
Mobilities quoted are the means of ten measurements in each direction, 
and the reproducibility of determinations in the various systems studied is 
given in the results below. 

Measurements of pH were made using a Cambridge pH meter, and 
conductance measurements using a Mullard conductivity bridge (type 
E7566). 

The change in the extent of protein adsorption with a change in pH was 
followed by centrifuging particles from a given sample of raw juice and 
determining both the N content and the number of particles in the sedi- 
ment. In practice 200 ml. samples of juice were adjusted to the required pH 
using HCl and NaOH, allowed to equilibrate for 1 hour, and then centri- 
fuged at 1000 g for 1 hour. The sediment obtained after decantation was 
allowed to drain for a further 30 min. (the error introduced by the very 
small volume of equilibrium solution remaining in the sediment was less 
than 1%) and then redispersed in N-free distilled water. The suspension 
was made up to a known volume and a sample pipetted off for a total N 
determination. Particle counts were carried out on the juice sample before 
and after centrifuging, and the number of particles removed under these 
conditions was found to vary between 50% and 100 % of the original number 
present: the number of particles in the sediment was generally of the order 
of 10" while the total N content determined using the micro-Kjeldahl 
technique was of the order of 10 mg. The significance of these and other N 
determinations is discussed more appropriately in a later section. 

Inorganic phosphate in juice was determined by a molybdenum blue 
colorimetric method (9), and calcium and magnesium determinations were 
made both on ashed samples and directly on the juice by ethylenediamine 
tetraacetate titration using Eriochrome Black T indicator after the method 
of Schwarzenbach (10). 

All chemical reagents used throughout the investigation were of A.R. 
quality. 

RESULTS AND DISCUSSION 
Electrophoretic Behavior 


1. Dilution Effects. A preliminary investigation of the variation of particle 
mobility with pH in raw juice diluted 1:10 showed that all particles in the 
system behaved in the same manner and that they were isoelectric at pH 
3.25. Subsequently the curve shown in Fig. 1 (curve i) was obtained using 
electrodialyzed juice diluted 1:10, and the curve is seen to be similar to 
those obtained from electrophoretic studies on natural latex particles (1) 
which have demonstrated the presence of adsorbed layers at the particle 
surface. Mobilities were measured in this system with a reproducibility 


of 2%-3 %. 
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Negative 


in pp /sec/volt/cm. 


Mobility 


Fria. 1. Mobility-pH curves determined at three different dilutions of electro- 
dialyzed juice; © (curve i) at 1:10, @ at 1:20, @ (curve ii) at 1:100. Dashed curve 
(©) determined on alcohol-denatured protein (see text). All mobilities determined 
in NaCl, » = 0.01 at a density of ca. 107 particles/ml. 


Moyer (11), studying the fat droplets in milk, has shown that it is 
possible to strip the casein layer from the droplet surface by repeated 
washing and centrifuging. When a raw juice sample was centrifuged 
under 1000 g and the sediment resuspended in 0.01 M NaCl (that is, after 
only one centrifugal washing), it was found that a cataphoretically homo- 
geneous system was produced which was isoelectric at pH 3.80. An identical 
pH-mobility curve was given by the particles present in raw juice diluted 
1:100, and this finding led to a study of the change in isoelectric point with 
the dilution of juice sample. 

Nine different samples of juice were used, after electrodialysis, in the 
determination of mobility curves at five dilutions, and three of these curves 
are shown in Fig. 1. The change in isoelectric point with dilution is shown 
in Fig. 2, The reproducibility with which mobilities could be determined 
decreased with increasing dilution (to ca. 6% at 1:100). 

The range of isoelectric points measured (pH 3.80-3.25) is rather lower 
than that usually found for pure proteins, but there can be little doubt that 
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proteinaceous substance is present at the particle surface, since a complete 
protein hydrolyzate may be obtained from the adsorbed material (see 
below). Further, it is generally found that a protein in aqueous solution has 
minimum solubility near its isoelectric point, and this is certainly found 
in the adsorption studies described later in which maximum protein adsorp- 
tion is measured at the isoelectric points recorded above. 

Protein layers adsorbed at the solid-liquid interface are usually considered 
to consist of unfolded or surface-denatured molecules (12), but in con- 
sidering the present system it should be noted at once that the solution 
contains an appreciable concentration (ca. 0.4 M) of sucrose which might 
well have the effect of substantially increasing the stability of proteins 
present in their folded or native form (13, 14). 

The increase in isoelectric point (0.55 pH unit) found on dilution is of 
the same order as that measured upon denaturation of a pure protein (1), 
and the hypothesis may therefore be put forward that the above effect is 
related to the sucrose concentration in the diluted system, the reduction in 
sucrose concentration on dilution leading to reduced stability and hence 
denaturation of the outermost adsorbed protein layer. 

The hypothesis was tested simply by repeating the dilutions using 0.01 
M NaCl in 0.05 M sucrose (a concentration chosen to be slightly larger than 
that present in raw juice diluted 1:10, but not large enough to affect ap- 
preciably the viscosity of the system). Mobility curves were obtained at 
two dilutions, 1:50 and 1:100, and were both found to be coincident with 
curve i, Fig. 1, having an isoelectric point at pH 3.25. 

Some further support for the hypothesis was derived from the fact that 
particles carrying alcohol-denatured protein showed an isoelectric point at 


pH of isoelectric point 


Lodi, mls. juice/mls. diluted suspension 


Fic. 2. The variation of isoelectric point with dilution. Mobility curves determined 
as the three shown in Fig. 1. 
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pH 3.80. The mobility curve is shown in Fig. 1 (dashed curve) and was 
obtained using the precipitate of particles and protein thrown down from 
the raw juice by the addition of alcohol to 70 % v/v, this being redispersed, 
after washing free of alcohol, in 0.01 M NaCl of volume equal to that of the 
original juice sample. 

2. The Removal of Adsorbed Layers. It has been suggested that all particles 
still have some proteinaceous material adsorbed at their surface after one 
centrifugal washing. However, on repeating the process a number of times 
it was found that the suspension became electrophoretically heterogeneous, 
a number of particles now showing no isoelectric point over the pH range 
studied. 

In this experiment, the juice was first centrifuged at 500 g for 5 min. to 
remove the very largest particles (most of which were presumed to be 
mineral), and thereafter the washing process was carried out on the particles 
remaining in suspension by centrifuging at 1000 g for 1 hour and resus- 
pending the sediment in distilled water using a blender. After ten such 
washing operations a suspension was obtained in which ca. 60% of the 
particles gave the mobility-pH curve (i), Fig. 3, most of the remainder 
showing an isoelectric point at pH 3.8 and giving curve (ii) (which is seen 
to be identical to curve ii, Fig. 1). No change in the system was observed 
after three more washing operations. 


Negative 


Mobility in sx /sec/volt/cm. 


Positive 


Fra. Bho Mobility-pH curves for various particle systems. Curves i and li, the 
particle types present in juice sediment washed ten times (see text). Curve iii, parti- 


cles in the dispersion of toluene-extracted cane wax. Curves determined under same 
conditions of those shown in Fig. 1. 
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It is well known that proteins are very strongly adsorbed at the oil-water 
interface, and since it has been shown that the fatty droplets of cream may 
not be stripped completely free from proteinaceous material by repeated 
centrifugal washing (11), it would appear that the same is true of the wax 
particles in cane juice. On the other hand, the plastids present in this 
system might reasonably be expected to have a polysaccharide surface, at 
which protein would be only loosely held, and therefore which would be 
exposed after repeated washing. 

Some measure of support for this explanation was derived from the study 
of a wax-in-water suspension prepared by steam-jet dispersion of the crude 
wax obtained by toluene extraction of commercial clarification mud (15). 
The dispersion was made directly into NaCl solution containing no added 
stabilizer, the large quantity of free fatty acids (ca. 0.3 meq./g. crude wax) 
presumably being sufficient. Particle diameters varied between 1 and 3 uy, 
and suspensions could be made to contain as many as 3 X 108 particles/ml. 
The variation with pH of the mobility of these particles was measured under 
the same conditions as before and gave curve iii in Fig. 3, though owing to 
a greater spread in the mobilities of individual particles in a given suspen- 
sion, the determined values were reproducible only to 9%—-10 %. The curve 
is almost identical with that quoted by Growney (16) for oil drops con- 
taining stearic acid, studied in the same medium. 

When some (about half the number originally present) of the particles in 
raw juice were removed by centrifuging and these replaced by the wax 
particles prepared by steam-jet dispersion, the whole system was observed 
to be electrophoretically homogeneous and to behave in a manner identical 
with the original juice sample, i.e., according to the curves shown in Fig. 1. 
Repeated centrifugal washings carried out on this system did not yield 
particles showing the high mobilities of the original “naked”’ wax particles 
(curve iii, Fig. 3), but gave a suspension of the two mobility types shown by 
curves i and ii in Fig. 3. Apparently the proteinaceous material adsorbed 
at the surface of the introduced wax particles may not be removed by cen- 
trifugal washing. 

Bungenburg de Jong (17) has shown that there is a specific sequence in 
the concentrations of different inorganic cations required to reverse the 
charge on certain colloid types with an acidic nature. Thus carboxyl 
colloids, such as arabinate and pectinate, may be distinguished from 
phosphatides and sulfate colloids, while the carboxyl group of a long-chain 
fatty acid gives rise to yet another cation sequence or spectrum. The method 
has recently been applied in a study of the bacterial surface of H. col: (18). 

It was hoped that some further information concerning the nature of the 
surface of particles in the various systems described above could be gained 
from the spectra of reversal of charge concentration of different cations; 
the spectrum obtained using the steam-jet dispersed wax system is shown 
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Fra. 4. Reversal of charge spectrum (see text) for particles in the dispersion of 
toluene-extracted cane wax. 


in Fig. 4. It is seen to be very similar to that obtained by Bungenburg de 
Jong using oleate (17), and the data are consistent with the view that essen- 
tially only carboxylate ions are present at the wax-water interface in this 
system. 

With regard to this system, it may be shown that the quantity of free 
fatty acid in the wax sample used for the dispersion (0.25 meq./g., as deter- 
mined by alcoholic KOH titration) is equivalent to 6 X 10° carboxyl groups 
available in each particle, assuming a particle diameter of 2 uw. This is 
substantially more than the number which might reasonably be expected 
to occupy the available surface area (12 X 108 A?) of particles of this diam- 
eter. The charge density « may be determined from the horizontal part 
of curve iii, Fig. 8, where the particle mobility is 3u/sec./volt/em., using 
the approximate relationship, 


o = UKN 


(where v is mobility, viscosity, and 1/x the thickness of the double layer). 
The value of o obtained is 2.5 X 10° e.s.u./em.2, and assuming a particle 
diameter of 2u, the total electronic charge would be 6.5 X 10° e/particle. 
It is clear that only a very small fraction of fatty acid available must be 
ionized at the wax-water interface in order to account for the calculated 
particle charge. 

In the case of the system obtained by the repeated centrifugal washing 
of particles present in raw juice, the heterogeneity of the system precluded 
a satisfactory determination of the mobility curves in different salt solu- 
tions, and hence a reversal of charge spectrum was not obtained. 


The Measurement of Protein Adsorption 


1. Protein N Distribution, Protein-nitrogen concentrations in juice have 
been determined (3) as the difference between total juice nitrogen and the 
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sum of amino, amide, and nitrate nitrogen, values of approximately 1 g./l. 
being obtained for the protein concentration as 6.3 X N. In the light of the 
present findings, it is seen that some of this protein must be intrinsically 
part of the chloroplasts and similar plastids present and therefore cannot be 
regarded as available for adsorption: the N value, important from the 
standpoint of this investigation, is that which gives a measure of adsorb- 
able nitrogenous material. The total protein N in a given juice sample must 
therefore be considered to be made up of three terms: (/) intrinsic particle 
protein N; (2) adsorbed layer protein N; (3) dissolved protein N; and it is 
clear that if these three quantities are expressed in terms of the number of 
particles present, then term (/) and the sum of terms (1) + (2) + (3) must 
represent the lower and upper limits, respectively, of the quantity of protein 
N associated with each particle in the juice sample under any set of condi- 
tions. 

Because of the heterogeneous nature of the juice suspension it is possible 
to obtain only a rough estimate of the average protein N content of the 
particles themselves (term (1)). This N value was determined on the sedi- 
ment obtained after ten centrifugal washings of particles removed from raw 
juice, the result being in error by the quantity of adsorbed protein N which, 
it has been shown electrophoretically, the wax particles still carry. The aver- 
age value determined during the course of experiments described below 
was 0.85 + 0.18 X 107° mg. N/particle, while it may be noted that 
particles prepared by steam-jet dispersion of toluene-extracted wax had a 
nitrogen content of ca. 0.2 X 107° mg. N/particle. It seems reasonable to 
conclude from the latter figure that the wax particles in juice must also 
contain an appreciable quantity of nonprotein N, and hence it would be 
more accurate to define term (1) as “average particle N content.” 

The addition of alcohol to raw juice, to give 70% v/v final concentration, 
produces an immediate flocculation which completely clarifies the juice. 
The precipitate may be removed and washed with 70% alcohol by centri- 
fuging and a total nitrogen determination carried out on the sediment. 
Since no further nitrogenous precipitate can be obtained by the addition of 
(NH,)2SO, to saturation or of trichloroacetic acid to the clear supernatant 
liquid either before or after alcohol removal, all protein is apparently thrown 
down in 70% alcohol and the N content of the precipitate must therefore be 
a measure of the particle N + total protein N content of the juice sample, 
that is, the sum of terms (1), (2), and (3). 

It is convenient to express the N content of the alcohol precipitate in 
terms of the number of particles present, and values obtained from 23 
different samples of juice lie between 1.90 and 2.55 X 10~'° mg. N/particle; 
it is seen that the average N content of the particles themselves accounts 
for about a third of this quantity. 

The pH of juice samples used in this study was generally around 5.5, 
but on lowering the pH of a sample to below 3 it was found that the N con- 
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Fic. 5. The change in the N content of material precipitated from juice by the 
addition of alcohol to 70% v/v with pH of juice sample. O in the cold, @ samples 
heated before pH adjustment. 


tent of the 70% alcohol precipitate was substantially reduced, as shown in 
Fig. 5. The points shown are the N contents of the alcoholic precipitates 
from 100 ml. aliquots of the same raw juice adjusted to various pH values 
using only HCl or NaOH, purposely avoiding the use of buffers in which the 
effect of the anion was unknown (19). The effect produced by the addition 
of acid was complete within 2 min. (the shortest time in which samples could 
be prepared and the precipitation carried out), and no further change was 
detected when samples were allowed to stand for times up to | hour at the 
low pH before precipitation. The effect was reversible in that samples al- 
lowed to stand 5 min. at pH values below 3 and then readjusted to pH 
values above 5 gave alcoholic precipitates of N content corresponding with 
the higher pH values. It is seen that the effect has the characteristics of an 
ionization of pK, 2.5 which confers alcohol solubility upon a large propor- 
tion of the protein in juice. Two points are shown in Fig. 5 which indicate 
that the effect is removed by heating the sample above 90°C. (at which tem- 
perature heat coagulation of juice protein is complete (20)) prior to pH 
adjustment. 

The effect is further discussed in a later section, after evidence has been 
presented which suggests that it is also reflected in the adsorption studies. 

2. The Extent of Adsorption. If a number of samples of a raw juice be 
adjusted to different pH values between 1 and 9, it will be seen that floc- 
culation takes place over two distinct ranges, around pH 3.5 and above pH 6. 
From Fig. 2 it appears that in undiluted raw juice the suspended particles 
carry no net charge at ca. pH 3.2, and so it might be expected that spontane- 
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ous flocculation would take place within 0.5 pH unit of thisisoelectric point. 
The flocculation observed at pH values greater than 6 is that which is made 
use of commerically in the clarification process, and it has been known for 
many years that this is associated with the precipitation of calcium and 
magnesium phosphates. Trinidad raw juices contain Ca?+ and Mg?+ in 
10-25 mM total concentration and phosphate up to 10 mM. The floccula- 
tion above pH 6 may be prevented altogether either by electrodialyzing 
raw juice until free from inorganic phosphate or by adding a suitable 
chelating agent, for instance, ethylenediamine tetraacetic acid (EDTA). 
The visible effects which take place on changing the pH of a juice sample 
are accompanied by marked changes in the quantity of nitrogen associated 
with each particle (i.e., with changes in the sum of terms (1) and (2) above). 
The complete curve of N/particle against pH is shown in Fig. 6, in which the 
upper dashed line represents the total alcohol-precipitable N/particle in 
the sample (see Fig. 5) and the lower horizontal dashed line refers to the 
average N content of particles stripped, as far as possible, of their protei- 
naceous adsorbed layers by ten successive centrifugal washings (term (/)). 
Kemp and Twiss (21) have shown that in latex systems the isoelectric 
point of protein in solution is the same as that of the adsorbed protein, and 
it must be inferred that this holds in the case of raw juice, since the point of 


Alcohol - precipitable N/particle 
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N/particle in mg x 10 
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pH 
Fia. 6. The change in protein adsorption in cold raw juice with pH. Ca?+ + Mg?+ 
19.2 mM, phosphate 3.9 mM, » ~ 0.1, particle density 61 X 10’ per ml. O raw juice, 
@ in presence of 20 mM EDTA, @ in presence of 9.3 mM phosphate, © in presence 
of 13.3 mM phosphate. 
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maximum adsorption (or minimum solubility) is very close to the expected 
isoelectric point from Fig. 2. It would follow that in the case of sugar juice 
we are dealing with the adsorption of protein in its native configuration. 

The sharp rise to a plateau in the adsorption curve between pH 5.5 and 6 
is undoubtedly associated with phosphate precipitation, for the addition of 
sufficient EDTA to chelate all calcium and magnesium present removed the 
plateau and completed the smooth curve as shown in Fig. 6. The height 
of the plateau above the EDTA curve was found to be dependent upon the 
extent of phosphate precipitation and passed through a maximum with 
increase in original phosphate concentration. The precipitation of calcium . 
and magnesium phosphates in this system and the adsorption of this pre- 
cipitate on the particles previously in free suspension has been studied in 
detail (22), and although the work is incomplete, it is clear that the forma- 
tion of a plateau in the N/particle curve shown above is an expression of 
the increase in area available for protein adsorption. 

The shape of the curves shown in Fig. 6 is quite general for all juice 
samples which have been studied. It is interesting to note, however, that the 
maximum in the adsorption curve has always been found close to, but never 
above, the alcohol-precipitable N/particle curve, whereas the smooth 
curve obtained in the presence of EDTA has always been found to approach, 
but never fall below, the line representing the N content of the particles 
themselves. 


Protein Adsorption in Boiled Juice 


1. Protein-N Distribution. In 1916 it was reported (20) that the coagula- 
tion of sugar juice proteins is complete at 90°C. At that time little was 
known of the stabilization of protein by sugars, and it was later found that 
only 70% of the nondialyzable nitrogenous material was coagulated on 
boiling (23). This finding is certainly borne out by the adsorption experi- 
ments described below, and, in fact, a rather smaller quantity (about 50%) 
of the total protein present was found to be heat-coagulable in the juice 
samples used here. 

In calculating the percentage of heat-coagulable protein in a given sam- 
ple, it is not correct, however, simply to compare the N content of heat- 
coagulated material with that of the 70% alcohol precipitate, for the boiling 
process produces the further effect of measurably reducing the N content of 
alcohol-insoluble material. 

This loss in alcohol-precipitable N is a slow process which is almost 
independent of pH and is shown plotted against time of boiling in Fig. 7. 
The points shown were determined at four pH values, and it is seen that at 
zero time (before boiling) they form a curve similar to that shown in Fig. 5. 
The points represent the N content of alcoholic precipitates from 100 ml. 
aliquots of juice adjusted to the required pH value and then boiled under 
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Fic. 7. The change in the N content of material precipitated from juice by the 
addition of alcohol to 70% with time of boiling after pH adjustment. @ pH 7.0, X 
pH 5.5, © pH 3.2, ® pH 18. In the presence of 0.8% formaldehyde, © pH 7, ® pH 
1.8. 


reflux for the required period. The maximum pH change measured after 30 
min. boiling was 0.4 unit in the sample originally at pH 7.0. 

Further investigation showed that the loss in precipitable N was ac- 
companied by an increase in the ammonia content of the filtrate, and hence 
the effect might be interpreted as a loss of amide N. Such an effect has 
certainly been observed with glutamine, which is readily hydrolyzed to 
glutamic acid on boiling at all pH values (24), and perhaps the same process 
may take place when glutamine residues form part of a polypeptide chain. 
Glutamic acid has been identified in juice protein hydrolyzates (see below), 
and the slight decrease in the rate of N loss at the measured isoelectric 
point (pH 3.2) shown in Fig. 7 is in accordance with the results recorded 
for the hydrolysis of pure glutamine at its isoelectric point. 

Some further support for this interpretation may be gained from a study 
of the effect of formaldehyde. At neutral pH values, formaldehyde reacts 
rapidly and reversibly with proteins (25, 26) to form amino-methylol 
groups, and therefore cannot be expected to influence an amide hydrolysis. 
At acid pH values, however, formaldehyde is capable of cross-linking pairs 
of amide and amino groups in a manner which is not reversible, and al- 
though this condensation is usually found to bea slow process, it might be 
expected to confer a certain degree of stability upon those amide groups 


448 BENNETT 


against hydrolysis. The results shown in Fig. 7 reveal that in the presence 
of formaldehyde, no loss of precipitable N takes place on boiling at low pH 
values, while the reagent produces no change in the effect of boiling at 
hay al the 

It is interesting to note that the isoelectric point of particles in a sample 
of raw juice boiled for 30 min. and then diluted 1:20 was found to be pH 
3.05, for if the boiling process only brought about denaturation of the pro- 
tein present, an isoelectric point at ca. pH 3.8 might have been expected. 

2. The Extent of Adsorption. A typical curve of N/particle against pH 
for samples of juice boiled 10 min. under reflux after pH adjustment is 
shown in Fig. 8, where it is compared with the curve obtained in the cold. 
The curve of alcohol-precipitable N/particle against pH for the boiled 
samples lies below that obtained from samples not heated, as expected from 
the result expressed in Fig. 7. 

Additions of phosphate and EDTA did not change the value of N/particle 
at any pH, so that the extent of protein adsorption was not dependent upon 
calcium phosphate precipitation or indeed upon the presented surface area 
of adsorbent. The value of adsorbed N/particle above pH 5 is clearly a 
measure of the amount of heat-coagulable protein per particle present. 

Below pH 5 the interpretation of the adsorption curve is not quite so 


in the cold 


=10 


N/particle in mgxlO 


Fig. 8. The effect on protein adsorption of boiling the juice sample after pH ad- 
justment. Ca** + Mg*+ 19.5 mM, phosphate 8.7 mM, » ~ 0.1, particle density 71 x 


10’ per ml. © in the cold, @ after 10 min. boiling, © after boiling in vr 
ORT eT g, r boiling in presence of 8% 
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straightforward. It has already been noted that the isoelectric point of 
particles in a juice sample boiled 30 min. was pH 3.05, and hence a maxi- 
mum in the adsorption curve might be expected at this point; in fact, no 
sharp peak appears in the determined curve. Apparently, from Fig. 8, 
the curve of alcohol-precipitable N/particle represents the maximum quan- 
tity of N which is available to each particle, and this maximum value has 
been attained around (and below) pH 3. 

Some support for this view was gained from the adsorption curve ob- 
tained using samples boiled in the presence of formaldehyde (dotted curve, 
Fig. 8). In this case there was no loss of (amide) N on boiling the acidified 
samples (see Fig. 7), and hence the curve of alcohol-precipitable N/particle 
is coincident with that obtained in the cold (the upper dashed curve, Fig. 8) 
at pH values, say, below 4. Upon the above hypothesis, in acid media, the 
maximum available N/particle in samples boiled with formaldehyde is 
now the same as that in samples not heated, and hence both adsorption 
curves show pronounced maxima near the isoelectric point. 


CONCLUDING OBSERVATIONS 


If a sample of juice is clarified by treatment with bentonite suspension, 
or by precipitation of calcium phosphate at pH 7, a clear amber solution 
is obtained which still contains an appreciable concentration of protein. 
The solution is quite stable even after boiling for 30 min. or freezing over- 
night, presumably owing to the sucrose present, but proteinaceous material 
may be precipitated by the addition of (NH4)2SOu,, alcohol, or acid to pH 
a 

Stevens (27) is studying the hydrolyzates obtained from some of the 
above fractions by paper chromatography. The two-dimensional chroma- 
tograms of the hydrolyzate from juice material insoluble in 70% alcohol 
and from the precipitate formed in raw juice at pH 3.2 were found to be 
identical, and of the amino acids present, the following have so far been 
identified: alanine, aspartic acid, glutamic acid, glycine, leucine, lysine, 
proline, serine, threonine, and valine. 

Treatment of the alcoholic precipitate from raw juice with 2:4-dinitro- 
fluorobenzene (28), followed by hydrolysis, yielded ¢-2:4 dinitrophenyl 
lysine; a-substituted dinitrophenylamino acids were not detected, the ex- 
periment indicating the presence, in the original juice, of high molecular 
weight or cyclic protein structures. 

However, the electrophoretic and adsorption data presented above sug- 
gest that we are dealing not with the behavior of a simple protein struc- 
ture, but rather with that of a conjugated system in which acid characteris- 
tics are conferred upon the protein by the linkage of another molecule, for 
instance, a polysaccharide. Polyuronic acid derivatives have certainly been 
identified in cane juice (2), and there can be little doubt that pectins exist 
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in solution. Upon the above hypothesis, it may be suggested that it is the 
conjugated system which is alcohol-insoluble and which has an isoelectric 
point at pH 3.25. 

Further, it would appear that the linkage is made through an ionized 
(possibly carboxylate) group, for on the addition of acid to below pH 8, the 
conjugated system might be considered to be broken down, leaving an al- 
cohol-soluble protein which is apparently so strongly stabilized in sugar 
juice that it may not be regarded as available for adsorption. Such a protein, 
soluble in both alcoholic and aqueous media, has been isolated from Hevea 
latex (29) and since in the adsorbed state it too has an isoelectric point below 
pH 4, it is possible that this also exists in the natural latex as a conjugated 
system. 
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ABSTRACT 


Methods of purifying a series of dialkyl sodium sulfosuccinates by crystallization 
and slurry adsorption are described. These procedures are useful for purification of 
relatively large quantities. The relationship of critical micelle concentration to 
chain length of the alkyl group is described. A consideration of the nature of the 
surface tension-concentration curve near the critical concentration indicates that 
micelle formation and surface hydrolysis occur below the critical micelle concentra- 
tion. 


INTRODUCTION 


Miles and Shedlovsky (6) observed in early 1944 that the purity of a 
surface-active agent is suspect when its surface tension curve shows a 
minimum. Their later studies and those of many other workers (1, 7, 8) 
have confirmed the validity of their observation and have indicated that 
the quantitative physical chemical measurements on surface-active agents 
may be greatly affected by traces of impurities in these agents. Therefore, 
it was decided to repeat on a broad scale, measurements on the well-known 
dialkyl sodium sulfosuccinates with purified materials! so that the effects 
of variations in ester, chain length, branching, etc., could be properly 
evaluated. This was of particular interest to us because of the extensive 
past work carried out in these Laboratories on those agents. Methods of 
purification presented in this paper indicate not only methods of purifying 
the sulfosuccinates but also means for removing impurities from other sur- 
face-active agents on a relatively large scale. The effects of chain length 


and branching on critical micelle concentration, as measured by surface 
tension, have been determined. 


1 It is obvious that the purer the surface-active agent, the easier it may be to 
purify to high degree. Thus the use of pure starting materials will reduce the com- 
plexity of the purification steps for the surface-active agent in question. Methods 
of preparation (9) have been published elsewhere and need not be repeated here. 
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Meruops or PREPARATION 


Early workers were able to demonstrate that as the impurities were re- 
moved from a solution of an impure agent by foam fractionation, the sur- 


| face tension curve of the resulting solution of purified agent showed no 


minimum. Measurement of surface tension by the du Nudy ring method 
has been used throughout this work to detect and follow the presence and 
removal of impurities during the purification of an agent. Quantitative es- 
timations of free acid, half ester, and combined sulfite and sulfate were ob- 
tained by potentiometric titration. Confirmatory quantitative data on 
these impurities and the half esters were obtained by polarographic meas- 
urements. 

Both of the methods of purifying sodium alkyl sulfosuccinates used in 
this work are capable of producing relatively large quantities of pure 
sulfosuccinates and may find general usefulness for other agents. The first 
procedure involved crystallization of the sulfosuccinate as a hydrate from 
a suitable solvent. The second involved the adsorption of impurities on 
a solid adsorbent by a slurry adsorption method. It was often preferable 
to use both methods together. 


A. Crystallization 


Attempts to crystallize the anhydrous sulfosuccinates from solvents other 
than water failed in spite of all precautions. However, all the sulfosuccinates, 
di-methyl- through di-n-octyl-, form one or more hydrates. These, with the 
exception of several branched-chain compounds, can be obtained crystalline 
from the system water-methyl alcohol-sulfosuccinate. The following 
methods used for the crystallization of the di-n-butyl (short-chain) and 
the di-n-octyl (long-chain) compounds serve to illustrate the crystalliza- 
tion procedure: 

1. Crystallization of Di-n-butyl Sodium Sulfosuccinate. A sample of 50 g. 
of the dry sulfosuccinate was dissolved in 90 ml. of dry methyl! alcohol. After 
filtration, to remove extraneous solids, 8 g. of water (equivalent to a tri- 
hydrate) was added and the sample cooled to about 0°-5°C. If necessary, 
the solution was seeded and after 1 hour the crop was recovered by filtering 
through a coarse sintered-glass funnel. The funnel was cooled before filtra- 
tion. If any sulfonated monoester is present it can usually be removed in 
a small first crop. The small amount of sulfate which is present usually re- 
mains in the mother liquor. The procedure is quite flexible. The losses are 
a function of the technique of the operator. The di-n-butyl sodium sulfo- 
succinate under the conditions presented crystallizes as the monohydrate. 
The method, with slight modifications made necessary by the change in 
solubility due to change in alcohol chain length, applies equally well to 
the di-n-amyl and di-n-hexyl compounds. 
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2. Crystallization of Di-n-octyl Sodium Sulfosuccinate. A sample of 390 g. 
of the di-n-octyl sodium sulfosuccinate was dissolved in 800 ml. of dry 
methyl alcohol and filtered through washed Hyflo Supercel. The filter was 
washed with 50 ml. of dry methyl alcohol. At least 5 moles (ca. 80 ml.) of 
water was added to the filtrate which was allowed to stand at 8°-12°C. 
for 11% hours. To this was added with stirring 200 ml. of methyl alcohol 
containing 25 ml. of water at 5°C. The mixture was centrifuged quickly in 
a basket centrifuge refrigerated to 10°-15°C. The crop, after vacuum dry- 
ing, was 300-325 g., approximately 80%. 


B. Purification by Adserption 


The sulfosuccinates may be purified by adsorbing impurities on a solid 
adsorbent of suitable surface area and surface characteristics. It has been 
found that activated carbon is best for these particular surface-active 
agents, thus providing an efficient means of removing unsulfonated maleic 
ester, colored materials, and adsorbable impurities. The sulfosuccinate 
was made up at 5-10 % concentration in polar solvents, such as water or a 
water-alcohol mixture. This was treated with activated carbon (Darco 
G-60) using about 3-5 % based on the total weight of solution. The surface- 
active agent was recovered from the filtered solution by freeze drying. It is 
preferable to carry out the purification on a solution of concentration near the 
critical micelle concentration. 

The application of the adsorption purification is well illustrated by the 
case of diisobutyl sodium sulfosuccinate (AEROSOL IB Surface Active 
Agent). The surface tension curve of the starting material showed a marked 
minimum which can be attributed to the unsulfonated ester present (de- 
termined polarographically to be 0.136 %). Soxhlet extraction for 48 hours 
with ether, two crystallizations from methyl alcohol, treatment with 5% 
Darco G-60 at 25% concentration, and foam fractionation at 2% concen- 
tration were each ineffective in removing the ester completely. When this 
material was made up to 10% concentration in water and treated with 5% 
Darco G-60 and this followed by dilution to 5% concentration and sub- 
jected to a second Darco treatment, the surface tension curve no longer 
showed a minimum, indicating that the removal of impurities was complete. 
After one carbon treatment at 10% concentration, the solution could also 
be diluted to 2.5% and cleaned up by foam fractionation. Without the 


carbon treatment, foam fractionation was ineffective at concentrations of 
2% or higher (Fig. 1). 


C. Surface Tension Data 


Measurement of the surface tension of aqueous solutions of the purified 
alkyl sulfosuccinates proved to be an excellent means of determining the 
efficiency of each purification procedure as it was carried out. The presence 
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Surfoce tension (dynes /cm) 


0.1 0.3 0507 | a Ai 30 50 70 100 
Concentration (volume %&) 
Fia. 1. Surface tension curves of diisobuty] sodium sulfosuccinate (AHROSOL 
IB Surface Active Agent) 
Curve: 
(1) Commercial Sample, Lot H-100, Bridgeville, as received. 
(2) Commercial Sample, Lot H-436, Bridgeville, as received. 
(3) (1) treated with 5% Darco G-60 at 25% concentration in benzene—subse- 
quently crystallized twice from methyl] alcohol-water. 
(4) (1) extracted 48 hours in Soxhlet with ether. 
(6) Residue from foam fractionation of (4) at 2% concentration. 
(6) Residue of second foam fraction of recrystallized (1). Fractionation at 2% 
concentration. 
(7) (2) treated with 5% Darco G-60 at 10% concentration followed by 5% Darco 
G-60 at 5% concentration and finally foam fractionation at 2% concentration. 
(8) Sample differs from (7) only in that it was not foam fractionated. 
(9) Foam fraction from (6). 


of impurities was indicated by changes in the minimum and slope of the 
surface tension curve near the critical micelle region. Also, the lack of re- 
producibility of, and the time effects in, the surface tension determinations 
made on a particular solution gave an indication of purity. After perform- 
ing the purification procedures outlined above, it was possible to obtain in 


456 WILLIAMS, WOODBERRY AND DIXON 


Surface tension (dynes /cm) 


* 2.001 0.01 Ou 1 10 100 


Concentration (volume %) 


Fig. 2. Surface tension curves of dialkyl sodium sulfosuccinate below CMC, re- 
gression equation used. (1) n-Butyl; (2) Isobutyl; ($) n-Amyl; (4) n-Hexyl; (5) 2- 
Ethylhexyl; (6) n-Octyl. 


TABLE I 
Regression Equations 


Butyl y = 72.890 — 8.321 y + 0.1692; (0.673 g. — 6.911 g./100 ml.) 

Amyl = 57.233 — 3.921y — 1.536y2; (0.167 g. — 1.868 g./100 ml.) 

Hexyl = 46.527 — 8.495y — 0.858¥%; (0.0115 g. — 0.503 g./100 ml.) 

IB = 63.351 — 4.303 y — 0.596y?; (0.161 g. — 6.292 g./100 ml.) 

OT = 31.140 — 8.458 y — 0.611¥%; (0.00106 g. — 0.0919 g./100 ml.) 
y = dyne/cm. w = In, (10c) ¢ = g./100 ml. 


a high state of purity, as indicated by physical and chemical determination; 
the following di-n-alkyl and branched-chain sodium sulfosuccinates: di- 
n-butyl, di-n-amyl, di-n-hexyl, di-n-octyl, diisobutyl (AEROSOL IB Sur- 
face Active Agent), and di-2-ethylhexyl (AEROSOL OT Surface Active 
Agent). 

Surface tension curves of the above pure sulfosuccinates are presented in 
Fig. 2. The data for each agent below the critical micelle region have been 
treated by the mothod of least squares. The regression equation for each is 
given in Table I and the curves in Fig. 2 are drawn using these equations. 
The standard deviation for these measurements below the critical micelle 


region is +0.45 dyne/em. 
D. Discussion of Surface Tension 


It is evident from Fig. 2 that as the chain length of the alkyl group de- 
creases, the critical micelle concentration is marked by a much less abrupt 
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break in the surface tension curve. Thus in the case of the di-n-butyl deriva- 
tive it is difficult to determine a critical micelle concentration. If we refer 
to a recent treatment of Debye (2), we note that a smaller chain length 
leads to a micelle containing a smaller number of monomer units. Unpub- 
lished work of this Laboratory, however, has shown that the formation of 
micelles starts at a concentration relatively lower with respect to the critical 
concentration for those agents of shorter chain length and thus micelle 
formation takes place over a more extended range. 

An additional factor promoting the curvature up to the critical micelle 
region might be the occurrence of surface hydrolysis. The occurrence of 
such hydrolysis was described in earlier work from this Laboratory (3, 5) 
where the radiotracer technique was used to study the adsorption of the 
sodium and of the sulfosuccinate ions in solutions of di-n-octyl sodium sulfo- 
succinate. This work was carried out over a wide range of concentrations 
and showed that in dilute solutions surface hydrolysis occurred with little 
or no sodium ion being present in the surface. However, as the concentra- 
tion increased toward the critical micelle region, the sodium replaced the 
hydrogen in the surface layer. 

That these conditions would lead to a curvature of the surface tension 
curve becomes apparent when one considers the Gibbs adsorption equation 
in some detail: 

dy = —RT>)iT. ding 


where y is the surface tension, & and T have the usual significance, I; is 
the surface excess in moles/cm.? and c; the bulk concentration of the 7 
species. Concentration is used instead of activity, which is valid for the 
dilute concentration range under consideration. 

For a dialkyl sodium sulfosuccinate (NatA~) there is the possibility of 
A-, Na+, and H+ adsorption in the monolayer; therefore 


—dy = RTT nat d Incya+ + RTT s- d Inca—~ + RTT a+ d Incy+ 


Since these agents are the sodium salts of strong acids and do not hydrolyze 
appreciably in dilute solution, the pH of the bulk solutions does not change 
markedly with changes in concentration; hence d Inca+ = 0 and this term 
may be omitted. Stoichiometrically d Incwa+ = dlnca- = dIncwaa. Therefore 


1 d 
= = see es OP 
Twat = Ta- = Toa and RT dlncnaa ~ 


On the other hand, if H+ is adsorbed rather than Nat then T'y,+ = 0, 

1 Pets T.- 

Bee = ily = Pea, and ale a§  ee 
Thus to describe the surface tension curve for a particular agent mathe- 
matically, both of the equations shown above should be employed. If both 
conditions exist, a change in slope (curvature) in surface tension curve 


2 Checked experimentally by the authors. 
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Total C in alkyl chain groups 


ie} 
0.0001 0.001 0.01 Ol { 


Fic. 3. Effect of chain length on critical micelle concentration (line drawn to 
Hobbs’ equation log CMC = 0.2908 — 1.68). (1) n-Butyl; (2) Isobutyl; (3) n-Amyl; 
(4) n-Hexyl; (6) 2-Ethylhexyl; (6) n-Octyl. 


TABLE II 
Critical Micelle Concentration (CMC) as a Function of Alkyl Chain Length 


Molecular weight 


Compound (theoretical) CMC (g./l.) CMC (moles/l.) 
n-Buty] 332.351 67 0.20 
n-Amy] 360.403 19.2 0.53 
n-Hexyl 388.455 4.8 @.0124 
n-Octyl 444.559 0.30 0.00068 
Isobutyl 332.351 68 0.20 
2-Ethylhexyl 444 559 1.12 0.0025 


would not be unexpected. Therefore, the slight curvature obtained for the 
surface tension curves of the highly purified agents reported herein (see 
Fig. 2) in the region between the knee of the curves and the critical micelle 
region is given as experimental proof that surface hydrolysis does occur for 
all these agents. 


Hobbs (4) has made a theoretical derivation of the following equation: 
log CMC = —0.290 6 — 1.63 


where CMC is the critical concentration (mole/l.) and 6 is the number of 
carbon atoms in the alkyl chain group (for the sulfosuccinates, of course, it 
is the sum of the carbon atoms in the two alkyl chains). This equation was 
derived on the assumption that each charge on the micelle had an activity 
of roughly 0.5 e, where e is the charge on the electron. This assumption 
was made to take account of the work necessary to introduce an additional 
ion in the micelle surface layer with its associated ion atmosphere and the 
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adsorbed oppositely charged ions. It is interesting to note that even with 
this assumption the experimental points for the straight-chain sulfosuc- 
cinates obey this equation. (See Fig. 3, Table II.) As one would expect, the 
CMC for the branched-chain sulfosuccinates occurs at higher concentra- 
tion than the total number of carbon atoms in the alkyl chain would indi- 
cate, since the “effective” chain length is less than that of the straight- 
chain sulfosuccinate containing the same number of carbon atoms. 
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Professor F. A. Long pointed out to me an interesting problem which 
follows the solution of the rather difficult equations for diffusion of low 
molecular weight molecules into thin polymer sheets (1). What experi- 
mental procedures are available for checking directly the computed varia- 
tion of concentration of the diffusing species with depth, c(x)? One possi- 
bility which appears to be simple experimentally is suggested in this note. 

Label the diffusing species with a radioactive tracer which emits “‘soft”’ 
radiations, H*®, S*, or C'*. At the termination of the diffusion period scan 
the intensity of radiation by means of a narrow angular aperture counter, 
as a function of the angle measured from the normal to the film surface. 
The desired function ¢c(x) may be computed by inverting an integral equa- 
tion for N(1/cos 6), as demonstrated below. 

Refer to Fig. 1. The counter is pivoted about a line in the surface, at 
x = 0. Neglect for the present the matter of finite resolution in angle, 
Aé, and consider first the umbra (abcd) seen by the collimator. Its area is 
Zoyo/cos 0, at any depth x. The effective solid angle of counter seen by an 


element of volume (dxdydz) in that layer is 2oyo/ Be ne ete Au 
cos 


Now, if there are no disintegrations expected at that instant, at unit initial 
concentration, per unit volume, per unit time, then for the entire film 
depth the number of such disintegration products passing into the counter 
per unit time at an angle 6, due to the umbra is: 


Nu ‘= ) 
cos 0 


zo/2 yo / 2cos 8 x, 
= Ang I dz i dy | dix c(x)e 7! ° a 
! : Aq (24 Ree =) 
cos 6 
Here yu is the specific linear absorption coefficient of the polymer for the 
radiation emitted. It is assumed that the region between the film and the 
counter is nonabsorbing, that secondary scattered radiation does not get 
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by the collimator, and, of course, that the concentration is a function of 


depth only. 

The fact that the counter admits radiation over a finite angle, such that 
tan Ab = ¥o/2A = AG, reduces the resolution of this experiment. This 
appears in two places: 


we thd 8 


Collimator 


Film 


Fig. 1. 


a). The counter sees a region of the sheet dz at x which is larger than the 
umbra delineated by (abcd). 

b). The contribution from each element of volume dzdydz should be 
weighted by exp [—uz/cos(@ + 6)] and integrated over A§ around each 6, 
rather than by the average factor exp [—yux/cos 6] used above. The correc- 


tion for the radiation which gets into the counter due to the penumbra is 
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readily introduced. The latter extends from a’ — b’ > c’ > d’ with total 
dimensions 


x 
Abert iotah ys 5 Yo (A+B fale?) ( 1 yi 
#3 A cos 6 A 1 + (yo/2A) tan @ 


This gives: 


An) [°° . (1 + A/B) 2 — (2A4/B)z 
I OK Ss [ia Iie OA 


Us 1 y — ywo/2 \ 1 
jae ay + yy = e/a Ol \ ie Ck ee eee) 


Bo 
| dg c(8/u)e. 


1 . 


(Cn ==> 
cos 6’ 


nm 


= (4 + B+ 2/cos @)/2A; y = tan 6/24; 


Oe SGih te x hte: Be 
Ye 1 a Yo ’ B Ke; Bo KX. 
Note that since 2) & 10-B, for 6 < 80° (a8/p) is negligible compared to 
B or (A + B). Hence ec & B/2A, etc. This is valid even when Zp is very 
large, provided yu is sufficiently large; i.e., for very soft radiation only 
emanations from the top thin layer of material get out. 


Bo 
= M(a) = 34(Nv + Nev) = 2] (6 /u)e* as ] 


is the integral equation to be inverted. Here G is, for all practical purposes, 
a geometric factor provided 6 does not approach 7/2. 


_ Mm 2% Yo Mm _% (B/A) 
4 (2A + B)?  4n 2(2A + B)? 


2 1+ B/A 


1+ B/A 


1 Ladin Bart ee — 2B/sin y 
= (BY 2458 Th! eS ae ee Te 
wpe yo) A yoo — 2B/sin 6 


The contribution due to the penumbra diminishes when (B/A) is made 
small, as expected, and the angular dependence of G is small except for 
large angles. In Eq. [1] » and @» are parameters of the experiment and 


iM 


—< 
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N(a) is the measured corrected counting rate. Obviously, any computed 
c(x) can be readily checked this way, as can the sensitivity of this method. 

The computation of loss in resolution due to item (b) is considerably 
more involved. However, if one starts with the condition that 


yo/(2A + B) K1, 


a simplified treatment permits one to estimate an order of magnitude. To 
this approximation treat the radiation from all elements drdydz for any 
specified x, as being uniformly modulated. Thus, in the umbra, for any such 
element, the maximum range in absorbing path allowed is that which cor- 
responds to +¢ in the vicinity of 6: 


Thus at any 6, the intensity which reaches the counter, due to a layer dz at 
x, is to a first approximation given by an average absorption: 


__nozo'yo (2) f** psleostor gy 2 Ma%'Yo__ (6 
4n(2A + By? 26 J_s a a i a 

' {(e" poe e”) ie ant (Hae ce / co — 1¢le” sre et” 1, 
where 


V ye + 20? 

2A+B° 
For good resolution, i.e., when ¢ is very small, the leading term reduces to 
that used initially for the idealized case. For the contribution from the 
penumbra, a somewhat larger angular range must be considered. The maxi- 
mum departure from 6 can be +y, where 


V Yor = Zo” asi y 
2A ; 


1= parar/ o2 —] 


tan y = 


A strictly similar analysis follows. 

It is clear that unless the experiment is set up with inherently good 
resolution, the corrections which must be introduced get so involved that 
it becomes dubious whether the suggested scan with angle can lead to 
meaningful data for inversion. Two additional points should be made. 
First, although the counting efficiency may be low when a single narrow- 
angle collimator is used, a number of such tubes may be stacked in parallel 
to produce ‘Soller slits”; the counting rate will then be proportional to 
that number with no loss in resolution. Second, the assumed exponential 
decay law may not give the correct decrement with thickness (2), par- 
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ticularly when “soft”? emitters are used, and the corrections listed above 
are considered. The proper absorption law may be checked by counting 
at a selected a films of different thicknesses which have been exposed to the 
diffusing species for so long a time as to make c(x) = co. Then 


Bo 
1 v(a) = 2 | Fas) ap; [2] 
a K 0 
d |i 2 Geom, 
a B ve | = % (a8) [3] 


The inversion of [1] or of the corresponding Eq. [2] with the experimentally 
determined kernel [3] can be carried out via the approximation methods 
developed by Zemanian (3). 
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ABSTRACT 


The states of aggregation of dinonylnaphthalene sulfonates of ten cations (Li, Na, 


Cs, NHs, Mg, Ca, Ba, Zn, Al, and H) have been studied in benzene by fluorescence 


depolarization, cryoscopy, viscometry, and densimetry. The micelles observed by 
fluorescence depolarization contained 9 to 14 acid residues each. Their aggregation 
number was usually independent of concentration and almost independent of the 
water content of the system, although moisture moderately increased the aggrega- 
tion of the zinc salt. The relative insensitivity of the sulfonate micelle size to influ- 
ences of the cation and moisture contrasts sharply with the behavior of the phenyl- 
stearate soaps, whose aggregation depends critically upon these variables. This 
indicates that the size of the dinonylnaphthalene sulfonate micelles depends prima- 
rily on the geometry of the acid residue. However, the apparent volume of the anion 
was inversely related to the coordinating tendency of the cation, suggesting that 
coordination forces are a factor in micelle stability. The acid is associated principally 
to the dimer, but in the presence of water some larger aggregates are formed. 

Viscosities of the sulfonate solutions exceeded those predicted by the Einstein 
relation for spherical particles. This anomaly corresponded to an asymmetry of the 
order of 2, or a solvation of 10% to 20%. It might also have resulted from surface 
irregularities of the micelles. Present evidence does not justify a choice among these 
explanations. 

Cesium dinonylnaphthalene sulfonate was shown cryoscopically to have an ag- 
gregation number of 6 or more. It differed from the other micelle-forming sulfonates, 
however, in not solubilizing enough Rhodamine B to permit determination of micelle 
size by the fluorescence depolarization technique. The micelle size found cryoscop- 
ically for the magnesium salt agreed with that derived from fluorescence depolariza- 


tion measurements. 
INTRODUCTION 


Micelle formation by barium and sodium dinonylnaphthalene sulfonates 
in benzene has been described previously (1). The micelles were found to 
be small and to predominate at concentrations greater than 10~* mole of 
sulfonate per liter. Evidence was presented to indicate that these sulfonate 


1 Presented before the Symposium on the Structure of Micellar Solutions, Division 
of Colloid Chemistry, 131st meeting of the American Chemical Society (April 7-12, 
1957, Miami, Florida). 
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micelles were approximately isodimensional and that their size was not 
strongly dependent on the water content of the system. These latter re- 
sults contrast strongly with those reported for the phenylstearates of seven 
alkali and alkaline earth elements (2-4), which form extensive linear aggre- 
gates, the size and stability of which, in the presence of water, alcohols, or 
acids depend upon the specific cation present. To ascertain whether this 
difference between the behaviors of sulfonates and carboxylates in benzene 
is general, the dinonylnaphthalene sulfonates of eight additional cations 
have been studied by the fluorescence depolarization and cryoscopic tech- 
niques. 

The cations investigated were lithium, sodium, cesium, ammonium, 
magnesium, calcium, barium, zinc, aluminum, and hydrogen. Primary 
data from the fluorescence measurements reported previously for the 
sodium and barium compounds are combined with the new data. For all 
ten compounds precise measurements have been made of the apparent 
volume and the viscometric contribution of the sulfonate in dilute benzene 
solutions. 


EXPERIMENTAL 
Materials 


The sulfonates described here were prepared by metathesis or by neu- 
tralization of a naphtha solution of a special grade of dinonylnaphthalene 
sulfonic acid (HDNNS). This acid and its sodium and barium salts 
(NaDNNS and Ba(DNNS),) have been described previously (1). In each 
case, after completion of the preparative reactions, the compound was iso- 
lated from all but traces of alcohol and naphtha by repetitive dilution in ben- 
zene and evaporation at reduced pressure. Final preparation for storage 
comprised filtration of a benzene solution of the substance and lyophiliza- 
tion in ampoules (1). During the lyophilization, when evolution of solvent 
vapors appeared to cease, the temperature was cautiously raised to a 
maximum below the softening point of the compound to expel residual 
traces of moisture, alcohol, or high-boiling fractions of naphtha. When 
there was evidence of appreciable alcohol or naphtha evolved at this stage, 
the lyophilization was repeated. The compounds were sealed under nitro- 
gen and refrigerated until used. 

It was observed that before preparation of the salts a further purifica- 
tion of the acid could be effected by mixing its naphtha solution with an 
equal volume of methanol. The mixture separated readily into two liquid 
phases, the upper layer being darker and comprising about 8% of the 
combined volume. This phase, which was rejected, contained about 4% 
of the nonvolatile matter of the original HDNNS solution, but only 0.2% 
of its acid. The neutral rejected matter is believed to be unsulfonated hy- 
drocarbon or inert resinous matter of high molecular weight. This purifica- 
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tion step was used in preparing the acid for direct study, and for use as a 
starting material in the preparation of the cesium, ammonium, magne- 
sium, aluminum, and zinc salts. The remaining sulfonates were prepared 
prior to the development of this refinement. 

The HDNNS used for direct study was purified as described, and freed 
of alcohol by repeated addition and evaporation of benzene. This acid is 
a highly viscous fluid at room temperature. Thus there was little advantage 
in raising its temperature higher than 25° to 30°C. during the final evacua- 
tion, because any residual solvent could not escape readily from the viscous 
mass. Further, the concentrated acid is subject to decomposition at ele- 
vated temperatures. The final pressure during lyophilization was 3 u Hg. 

Cesium and ammonium dinonylnaphthalene sulfonates (CsDNNS and 
NH:DNNS) were prepared by potentiometric titration of the acid solu- 
tions (diluted with isopropanol and methanol, respectively) with aqueous 
solutions of the respective bases, with appropriate precautions for exclu- 
sion of carbon dioxide. In both cases a small quantity of gelatinous precipi- 
tate formed at the approach to neutrality. The solid was separated cen- 
trifugally and was found to contain aluminum, iron, and silica, probably 
derived from containers during preparation and storage. Ultimate tem- 
perature and pressure in lyophilization were: for CsDNNS, 96°C. and 2 u 
Hg; and for NH,DNNS, 60°C. and 7 » Hg. Analyses: Cs, 21.6 %(theory 
22.43%); N, 2.85% (theory 2.93%). 

Lithium and calcium dinonylnaphthalene sulfonates (LiDNNS and 
Ca(DNNS):) were prepared by neutralization of the acid by solid LiOH 
and CaO, respectively. The HDNNS solution was diluted with isopropanol 
and a quantity of water which was soluble in the mixture, then agitated 
with the appropriate base until the solution was alkaline. The mixture was 
back-titrated with HDNNS, using an external indicator, and then centri- 
fuged to clarity. Ultimate temperatures and pressures during lyophiliza- 
tion were: LiDNNS, 80°C. and 10 » Hg; Ca(DNNS),, 88°C. and 10 uw Hg. 
Analyses: Li, 1.48% (theory, 1.49%); Ca, 4.19% (theory, 4.18%). 

Magnesium dinonylnaphthalene sulfonate (Mg(DNNS)2) was prepared 
by successive equilibrations of HDNNS with a methanolic solution of 
MgCl,-6H;0 and subsequent addition of water, which caused a separation 


‘ of phases. The aqueous layer, which was rejected, contained HCl formed 


in the reaction. The hydrocarbon phase was washed free of chloride ion 
with water, and potentiometrically titrated to neutrality with a small 
quantity of saturated aqueous Mg(OH)> solution. Ultimate temperature 
and pressure during lyophilization were 90°C. and 3 » Hg. Analysis: Mg, 
2.47 % (theory, 2.56 %). 

Aluminum dinonylnaphthalene sulfonate (Al(DNNS);) was prepared by 
metathetic reaction between Al2(SO4)3; and NaDNNS. The NaDNNS used 
for this reaction was made by neutralization of the acid with NaOH by 
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the procedure described for CsDNNS, in which a small quantity of im- 
purity was rejected as a gelatinous precipitate. The NaDNNS was diluted 
with isopropanol and water, and equilibrated with successive portions of 
aqueous Al.(SO,)s:18H,O. The mixture separated into two phases, and 
the aqueous layer was rejected. The hydrocarbon phase was washed free 
of sulfate ion with water. Ultimate temperature and pressure during lyo- 
philization were 80°C. and 1 » Hg. Analysis: Al, 1.87% (theory, 1.93% 
for Al(DNNS),;). Aluminum tri-salts of carboxylic acids cannot be pre- 
pared by metathesis in the presence of water; the ready preparation of 
the trisulfonate was to be expected from the greater acid strength of 
HDNNS. 

Zine dinonylnaphthalene sulfonate (Zn(DNNS)2) was prepared analo- 
gously to AI(DNNS);. Ultimate temperature and pressure during lyo- 
philization were 85°C. and 1 » Hg. Analysis: Zn, 6.30% (theory 6.63 %). 

Discrepancies between theoretical and analytical values of cation con- 
tent of the sulfonates described above are attributed to traces of unsul- 
fonated hydrocarbon or to the presence in the alkylnaphthalene of some 
hydrocarbon of higher molecular weight. Deviations from theoretical val- 
ues are reasonably consistent with this assumption. Tests of the salts 
indicated that they were precisely neutral. 

The benzene and Rhodamine B used in this study have been described 
previously (1). 


Measurements 


The methods used for measurements of fluorescence and spectral ab- 
sorption have been described previously (1, 5, 6). 

Densities of liquids were determined in duplicate at 25 + .003°C. with 
a 10 ml. modified Ostwald-Sprengel pycnometer capped at both ends, 
using a matched counterpoise. The average observed difference in weight 
between the duplicates was 0.16 mg. Observed weights were corrected for 
atmospheric buoyancy. From the solution density, the sulfonate and water 
concentrations, and the observed density of the anhydrous benzene, the 
apparent density of the dissolved sulfonate was computed. The average 
concentration of these sulfonate solutions was about 1 gram per 100 ml. 

Viscometric observations were made in triplicate or quadruplicate at 
25 + .003°C. in an Ostwald-Fenske series 50 viscometer. Flow times were 
approximately 220 seconds, and the average maximum difference between 
any two observations of flow time for a given liquid was 0.1 second. The 
maximum difference was 0.2 second. 

Observations of both density and viscosity for each liquid were made on 
portions taken from the same batch of solution. Relative uncertainties in 
concentrations were of the order of 0.01%. To preclude interferences from 
minute particles of lint or other solid in the determinations of flow time, 
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each liquid was filtered through a Millipore filter whose effective pore size 
is rated at 0.45 yu. 


Cryoscopic observations were made as described in an earlier publica- 
tion (7). 
RESULTS AND Discussion 
Fluorescence Depolarization 
The results of fluorescence depolarization measurements, interpreted in 


terms of the corresponding volumes of spherical micelles, are presented 
graphically with respect to concentration in Fig. 1 for the eight compounds 


_ amenable to investigation by this technique. The curves represent data on 


solutions containing 0.5 mole (3.0 moles for NaDNNS) of water per equiv- 
alent of sulfonate plus 15% of the water required to saturate the benzene 
present. This procedure was established arbitrarily to provide a systematic 
water content which was low, yet sufficient to make the system insensitive 
to exchanges of trace amounts of water with the environment during the 
measurements. By inspection of the best smooth curves through the data 
of Fig. 1, representative values of the gram micelle volumes were selected. 
The aggregation number (expressed as acid residues per aggregate) was 
computed for each compound from the micelle volume, the apparent den- 
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Fig. 1. Micelle size of dinonylnaphthalene sulfonates. 
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TABLE I 


Summary of Properties of the Dinonylnaphthalene Sulfonates 
Aggregation number 


Cation Equivalent wt. Sewnetippe Saeiy os pions (sae) 
Li 466.63 1.055 4700 10 
Na 482.69 1.079 5530 10 
Cs 592.60 1.293 = 62 
Mg 471.85 1.096 4950 11 
Ca 479.73 1.094 4900 10 
Ba 528.37 1.189 6600 14 
Zn 492.38 1.126 3200-5150 7-10 
Al 468 .68 1.088 5660 13 
NH, 477.73 1.045 4200 9 
H 460.70 1.039 = 22 


« Minimum possible aggregation number from cryoscopic results. 


sity of the salt, and the total water content of the system, with the assump- 
tion that all water present was associated with the micelle. The pertinent 
data appear in Table I. 

It is evident from Fig. 1 and Table I that in the concentration range 
between 2 X 10-4 and 4 X 10- equiv. per liter the micelles of salts of these 
widely varying cations fall within a rather narrow range of 9 to 14 acid 
residues per micelle. The acid itself and possibly cesium sulfonate, neither 
of which was a satisfactory subject for fluorescence depolarization measure- 
ments, are exceptions. In most cases the micelle size found is remarkably 
constant over a 20-fold concentration range. At high concentrations the 
apparent micelle volume approaches a limiting value which is considered 
the actual micelle size. In the very dilute range the apparent micelle size 
falls off in a way which has been attributed earlier (1) to the presence of a 
small amount of the dye in the form of a nonmicellar dye-sulfonate com- 
plex. Analysis of the data shows that for all the sulfonates of Fig. 1 except 
the ammonium salt micelles were certainly present at concentrations as 
low as 10~* equiv. per liter, although the actual cme’s were not established. 

The curve for ammonium sulfonate is atypical in that it develops no 
plateau in the concentration range studied. It was suspected that this 
behavior resulted from appreciable dissociation in these dilute solutions to 
ammonia and the free acid, which interacts with the dye to form a colored 
and fluorescent, but nonmicellar compound. Addition of a 10% excess of 
ammonia, however, did not suppress the effect. (Double point on NH, 
curve of Fig. 1.) Further work will be required to explain these results. 

The curve for the zinc salt is atypical in that the apparent micelle vol- 
ume decreases with increasing concentration above 1.7 X 10-3 equiv. per 
liter. This trend is attributed to the arbitrary scheme for controlling the 
water content of these systems. Within experimental uncertainties micelle 
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TABLE II 


Effect of Moisture on Size of Zn(DNNS)» Micelles 
Concentration: 3.3 1073 g.-equiv./I. 


Moles H2O Observed g.-micellar Expected g.-micellar Observed increase 
g.-equiv. sulfonate volume (c.c. volume (c.c.) Expected increase 
0 3192 3192 — 

1.66 3856 3410 3.05 
eed 4379 3548 3.33 
4.00 4724 3718 2.91 
5.78 5156 3951 2.59 


volumes were generally insensitive to the presence of moisture, as indi- 
cated in Fig. 1, where results for the dry systems are appropriately coded. 
However, the micelle volume in the anhydrous zine sulfonate system is 
significantly less than that in the moist system. Therefore the effect of 
water was explored further by a study of the micelle volume of Zn(DNNS)2 
as a function of the total moisture present. The micelle size increased with 
increasing water-sulfonate ratio, as the plot in Fig. 2 demonstrates, but the 
effect is less marked beyond 4 moles of water per equivalent of salt. The 


_ observed increase in micelle size was approximately treble the total volume 


of water introduced per anhydrous micelle, as is shown in Table II. This 
corresponds to the entry of up to three more acid residues into each micelle 
as the system becomes moist. As the core of water forms and grows in the 
micelle, the geometry changes to permit each monomer to occupy a smaller 
solid angle of the swollen aggregate, thereby accommodating the entry of 
these additional monomer units. Similar but more pronounced growth of 
dioctyl sodium sulfosuccinate micelles on addition of water has been re- 
ported (8, 9). The shape of the Zn(DNNS),2 curve may now be explained 
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as follows. The Zn(DNNS), micelles must be strongly hygroscopic, so that 
much more than 0.5 mole of water per equivalent of sulfonate is required 
to establish equilibrium with a benzene solvent 15% saturated with water. 
With decreasing sulfonate concentration, the water-sulfonate ratio iIn- 
creases without limit. In the more dilute solutions, therefore, the additional 
water may be taken from the solvent phase with a negligible change in the 
water content of the latter; the resulting high water content of the micelles 
leads to a relatively large size, in accordance with Fig. 2. With increasing 
sulfonate concentration, however, the water-sulfonate ratio approaches the 
limit 0.5. In a concentrated solution, therefore, the total water available 
from the solvent is insufficient to raise the water content of the micelles 
much above the original value of 0.5 mole per equivalent of sulfonate, and 
progressively smaller micelles result as one passes to higher concentrations 
of the sulfonate. 


Cryoscopic Phenomena 


Measurements of the micelle size of HDDNS and CsDNNS by the 
fluorescence depolarization method were attempted, but complications 
were encountered which made interpretation of the data uncertain. Several 
times the normal amount of Rhodamine B was required to develop meas- 
urable color and fluorescence in the solution. The absorption and emission 
peaks in the presence of both CsDNNS and HDNNS were ill-defined, and 
shifted so strongly in wavelength that the procedure for estimating the 
excited life of the dye (1, 5) became questionable. 

To obtain more valid information concerning these two compounds, 
their benzene solutions were studied eryoscopically. The eryoscopic method 
was also applied to Mg(DNNS)s, a sulfonate yielding well-defined data by 
the fluorescence depolarization method. This provided an independent 
validation of the optical method, supplementing the confirmation obtained 
earlier by osmotic pressure measurements (5). 

The cryoscopic measurements were necessarily made on more concen- 
trated (0.07 equiv. per liter) solutions than were studied optically. Deter- 
minations were made with the anhydrous solutions of all three compounds. 
Water was then dispersed ultrasonically in the solutions of HDNNS and 
Mg(DNNS); for additional determinations immediately following measure- 
ments on the dry solutions. Despite the addition of water, which increased 
the solute content of the system, the observed freezing point of the wet 
HDNNS solution was higher than that for the anhydrous one. Further 
addition of water accentuated this effect. Addition of water to the anhy- 
drous Mg(DNNS), system depressed the freezing point, but only slightly 
in comparison to the amount theoretically expected from the independent 
cryoscopic effect of the water. Values for the degree of aggregation com- 
puted from the cryoscopic data appear in Table III. These values are 


| 


EFFECT OF CATION ON MICELLE FORMATION 473 


TABLE III 
Cryoscopic Behavior of Dinonylnaphthalene Sulfonates 


acid residues) 


Aggregation number ( 
aggregate 


Cation 
ohydeous 1 Mole H.0 2 Moles 20 
g.-equiv. g.-equiv. 
Mg Jidkalis 8.8 (0.92) — 
Cs 5.8 — = 
H E¢/ 2.4 (0.63)¢ 2.6 (0.38)¢ 


* Values in parentheses are predicted, assuming all water independently dispersed 
n the solvent. 


derived with the assumption that none of the water is in simple solution, 
but is all bound to aggregates of sulfonate molecules. Quantities in paren- 
theses represent the aggregation numbers to have been expected if all the 
water had been molecularly dispersed and cryoscopically active, but the 
total freezing point depression had been attributed to the sulfonate in cal- 
culating the aggregation number. 

It is clear that the assumption of association of water with the aggregates 
of sulfonate molecules is substantially valid. The cryoscopic and optical 
results with Mg(DNNS). are in satisfactory agreement, deviating from 
each other by less than one acid residue per micelle in the anhydrous solu- 
tion. For the moist condition the cryoscopic value of 8.8 is somewhat 
lower than 11, found optically, but this deviation could easily result from 
the oversimplified assumption that all the water is in the micelle. Had all 
the water been dispersed molecularly in the benzene, the aggregation num- 
ber found cryoscopically would have been 0.92; the observed aggregation 
number of 8.8 corresponds to the independent cryoscopic activity of 3% 
of the water present in the system. 

Aggregation numbers derived cryoscopically for the acid strongly suggest 
dimerization in the anhydrous solution. The value 1.7 is consistent with an 
equilibrium in which about 20% of the acid is monomeric and 80% is 
dimeric. Water, however, associates itself with the acid and also clearly 
increases the degree of aggregation, as the results in Table III demonstrate. 
The equilibrium concept requires that at least a small fraction of the water 


. be independently dispersed, but it is evident that most of it is associated 


with the acid in such a manner as to increase the aggregation tendency of 
the latter. Although the optical results for HDNNS cannot be considered 
definitive, the combination of data from both sources could be taken to 
imply that the hydrated acid could form an aggregate of more than two 
molecules by a hydrogen-bonding mechanism. The wet HDNNS system 
could then be considered to contain monomer and dimer and a few larger 
units in equilibrium. 

Exact agreement between the results of fluorescence depolarization and 
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eryoscopic measurements, which in this case refer to temperatures 20 de- 
grees apart, is not to be expected if the association equilibrium is tempera- 
ture-sensitive. 

Although the questionable fluorescence depolarization data for the ce- 
sium sulfonate indicated that the dye was present only as free molecules or 
as a 1-1 complex with the sulfonate (volumes of 450 to 650), the eryoscopic 
data indicate an average aggregation number of 5.8 in the anhydrous 
solution. The cesium sulfonate micelles, then, differ from those of the other 
salts studied in being unable to solubilize and activate Rhodamine B to 
fluorescence. A similar lack of affinity for Rhodamine B has been noted for 
cesium phenylstearate (3). It appears that the polar forces within the 
cesium-containing micelles are weaker or different in nature from those 
encountered in the other micelles examined. This may result because the 
cesium ion has the least tendency to coordination of all cations included in 
this study. The cryoscopic aggregation number of 5.8 is a minimum value 
because it averages the effect of any molecularly dispersed solute present. 


Viscometric Properties 


In the foregoing presentation, particle sizes were derived from fluores- 
cence depolarization measurements on the assumption that the micelles 
were smooth unsolvated spheres. This assumption may be questioned, and 
to assess its uncertainty all the sulfonates were studied viscometrically in 
moist benzene solution. The moisture level was controlled systematically 
by the same formula used in the optical study. The resulting data were 
used to compute asymmetry functions in a manner described by Honig and 
Singleterry (3), who used the mathematical treatment originated by Simha 
(10, 11). The asymmetries are listed in Table IV and are expressed as the 
ratio, J, between the major and minor axes of prolate ellipsoids of revolu- 
tion. The axial ratios found ranged from 1.85 to 2.56. It was impractical to 


TABLE IV 
Viscometric Behavior of Dinonylnaphthalene Sulfonates 
Concentration Viscosity ratio Viscosity number ; 
Cation pres Au ica Patri 
100 ml. no noe 

Li 1.0682 1.0381 2.86 2.05 
Na 0.6668 1.018 2.74 1.95 
Cs 0.9619 1.022 2.33 2.02 
Mg 1.0977 1.033 3.04 2.45 
Ca 1.4140 1.039 2.78 2.08 
Ba 0.9717 1.024 2.43 1.85 
Zn 0.9668 1.028 2.92 2.38 
Al 0.9428 1.080 8.15 2.56 
NH, 1.0233 1.032 3.16 2.41 
H 1.0111 1 


.030 3.01 2.19 


= 
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measure viscosities at decreasing concentration for extrapolation to the 


limiting viscosity number (12) because of the uncertainty as to compara- 


bility of the micellar water contents, as well as because of the low viscosity 
ratios encountered. It has been estimated (3) that in solutions having vis- 
cometric properties and concentrations similar to those studied here the 
viscosity numbers differ from the values at infinite dilution by less than 3%. 

If the viscometric behavior is considered to reflect exclusively a de- 
parture from sphericity, all the axial ratios found lie essentially between 
2.45 and 1.85, which are the values for Mg(DNNS), and Ba(DNNS)», 
respectively. Methods for computing the volume of a prolate ellipsoid of 
given asymmetry from fluorescence data have been discussed in the litera- 
ture (3, 13). Applying the necessary equations to the data for the magne- 
sium compound, the gram micelle volumes computed for the ellipsoids and 
spheres are 3410 and 4950, respectively; the barium system yields values 
of 5410 and 6560, respectively. The differences between the volumes of the 
spheres and ellipsoids in these two extreme cases correspond to differences 
of 2 to 3 acid residues per micelle. Comparable discrepancies would prevail 
for the other species excepting the cesium salt and the acid, for which no 
suitable optical results were obtained. 

There is no conclusive evidence that the viscometric behavior is strictly 
a manifestation of particle asymmetry. The same behavior could be ex- 
hibited by solvated spherical micelles. If it is assumed that the departure 
from the Einstein behavior for smooth spheres results strictly from solva- 
tion of the spheres by benzene, 23% and 11% of the micelle volume must 
be assigned to solvation for Mg(DNNS), and Ba(DNNS),, respectively. 
These percentages correspond approximately to 13 and to 8 benzene mole- 
cules per micelle. The radii of the micelles computed from the optically 
determined volumes were 12.5 A and 13.8 A, respectively. The solvation 
estimated is sufficient only to form enveloping sheaths 1.0 A and 0.5 A 
thick, respectively, considerably less than 2.3 A, the thickness of a benzene 
molecule. If, on the other hand, the solvate molecules are intercalated with 
the DNNS radicals in the micelle structure the number of solvate molecules 
is comparable with the number of sulfonate molecules present. 

Another shape factor which might be responsible for the observed beha- 
vior is the presence of surface irregularities resulting from the nonyl groups 


" attached to the naphthalene nuclei of the sulfonate. If these highly branched 


groups are extended radially, rather than folded down to present a smoothly 
curved surface, such protrusions would increase the viscous interaction 
between micelle and solvent both because of the greater surface exposed 
and because of the larger maximum dimensions of the micelle. 

The viscometric behavior, then, can be viewed as a manifestation of 


asymmetry, solvation, surface irregularities, or a combination thereof. 
_ Although the available evidence does not permit definitive assessment of 


476 KAUFMAN AND SINGLETERRY 


axial ratio 


0 0.5 


1.0 15 
Ir (K"') 


Fra. 3. Correlation of asymmetry with radius of cation. 


the relative importance of each factor, the data suggest that asymmetry 
makes a major contribution. For the divalent cations, the axial ratio com- 
puted from the viscosity data increases linearly with the reciprocal of the 
cation radius, r (Fig. 3). Such an increase may be conceived to result from 
the increase in lateral pressure in the hydrocarbon sheath of the micelle as 
the polar core is contracted, because of smaller cationic radius and greater 
coordinating forces. It has been pointed out elsewhere (14) that such a 
lateral compression may be relieved by a change in micelle shape from 
spherical to ellipsoidal, and that for a given value of J the prolate form 
provides a greater increase in surface-to-volume ratio than the oblate. The 
existence of such a lateral compression in the hydrocarbon portion of the 
micelle is demonstrated by the data on the apparent volume of the anion 
when combined with various cations, as reported below. 

It is also recognized that there is doubt (15, 16) concerning the validity 
of the Einstein equation and Perrin’s equations (17) for rotational diffusion 
for particles as small as those studied here. As the particle size of the solute 
approaches that of the solvent molecules the solvent can no longer be con- 
sidered a continuum. Sadron (18) suggests that the equations are valid if 
the ratio of solute to solvent dimensions is greater than 10. The ratio for 
the systems studied here is about 4. 

However, the results derived independently by cryoscopic and optical 
methods agree very satisfactorily in the case of the Mg(DNNS), solutions. 
The cryoscopic effects are independent of particle shape or particle size 
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ratio, and effectively independent of solvation in the concentration studied. 
The agreement therefore indicates that the results obtained by the fluores- 
cence depolarization method with the simple assumption of spherical par 
ticles are valid within the limits of experimental uncertainty. 

Honig and Singleterry (2-4) found viscosity numbers of the phenyl- 
stearate micelles in moist benzene to vary over a wide range as a function 
of the water-soap ratio and the cation. The anhydrous alkali phenylstearates 
formed increasingly viscous systems with decreasing radius of the cation 
and the reverse was true of the alkaline earth compounds. The viscosity 
effects, which were extremely moisture-sensitive, were interpreted to be a 
manifestation of extensive linear aggregation. The size of the dinonyl- 
naphthalene sulfonate micelles, on the other hand, was comparatively 
insensitive to the water content or the cation present. 


Apparent Volume of the Anion 


The density measurements required for the computation of aggregation 
numbers from the optically determined micelle volumes were made with 
more refinement than was required for this purpose. The more exact data 
permitted calculation of precise apparent equivalent volumes of the sulfo- 
nates and the sulfonate ions in the aggregated state. The latter value was 
derived from the former by subtracting the volume of the cation in the 
crystalline state, in accordance with the method used by Honig and Single- 
terry (3). Further study of crystal data has shown that the volume esti- 
mated for a given cation by this method is relatively independent of the 
anion or the crystal system taken. 

The results of these calculations are summarized in Table V. In Fig. 4, 
the apparent gram equivalent volume of the dinonylnaphthalene sulfonate 
ion is plotted against the reciprocal of e’/r for the cation present, where 
e and r are the charge and radius of the cation, respectively. Born (19) 
suggests e?/r to be proportional to the energy of solution (hydration) of 


TABLE V 
Apparent Volumes of the Dinonylnaphthalene Sulfonate Ion 
Tonccradine Vol. aeiened to Vol. assigned to 
Cation (A) Crystal data used peepee a) pe cnions, 
Li 0.78 Lif 1.6 440.6 
Na 0.98 NaF 4.2 443.2 
Cs 1.65 CsF 21.4 437 .0 
Mg 0.78 MgF., MgS 1.8 429.6 
Ca 1.06 CaF2, CaS 5.0 436.1 
Ba 1.43 BaF.2, BaS Boi 437.5 
Zn 0.83 ZnF 2, ZnS 2.0 436.1 
Al 0.83 Al.O03 lear 430.2 
NH, 1.42 NH,Cl iULGB3 445.9 
H — —_— (Go) 440.5 
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Fia. 4. Effect of the cation on the apparent volume of the dinonylnaphthalene 
sulfonate ion. 


gaseous spherical ions; the stability of coordination complexes is also pro- 
portional to this quantity (20). The data of Honig and Singleterry for the 
apparent molal volume of the phenylstearate ion (3) are also included in 
Fig. 4 (on a displaced scale) for comparison. The vertical bars associated 
with the data points correspond to +25 % uncertainty in the estimate of 
the cation volume. 

Although there was only a 4% spread in the apparent anion volumes of 
the sulfonates, the data show a clear linear relation between the apparent 
anion volume and the reciprocal of e?/r, except for deviations at the ends 
of the range studied. The less precise data for the phenylstearate soaps 
show a similar relation. The data of Fig. 4 indicate that for the sulfonates 
as well as the carboxylates coordination between metal ions and the oxygen 
of the anion plays a major but not necessarily an exclusive role in the 
formation of micelles in a hydrocarbon solvent. The differences in apparent 
volume of the sulfonate ion are visualized as compression effects resulting 
from the different coordinating energies of the cations binding the —SO; 
radicals together in the micelle core. 

The data available are not adequate for an explanation of the pronounced 
deviation of aluminum, magnesium, and cesium sulfonates from the linear 
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relation shown by the other compounds. Magnesium and cesium also ex- 
hibited anomalies in the carboxylate study, although the anion volumes 
deviated in the opposite direction from that found for the sulfonates. A 
part, at least, of the inconsistencies noted for these compounds may have 
resulted from unsuitable choice of the water content of the system. A minor 
error may have arisen from the oversimplified assumption (9) in the volume 
calculations that the density of the water present was that of bulk water 
at 25°C. The effective volume occupied by the water will certainly be less 
when it is strongly coordinated to an ion such as aluminum or magnesium. 
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ABSTRACT 


The solution behavior of two azo dyes, orange II and benzopurpurin 4B, was 
studied by means of conductance, viscosity, and light-scattering measurements. 
It was established that micellar particles of large size are formed only in the pres- 
ence of added salt. The degree of association for benzopurpurin is much greater than 
for orange II. The conclusion is reached that the micelles represent rodlike particles, 
and it is believed that the dye ions are associated in the manner of a stack of coins. 
For benzopurpurin a particle weight (weight average) of 1,900,000 was determined 
at 25°C. and 0.04 M KCl; for orange II the particle weight varies with concentration 
and temperature reaching a value of 37,000 at 5°C. and 0.4 M KCl. Micelle formation 
of benzopurpurin takes place also in the absence of salt if the pH approaches IEP. 


INTRODUCTION 


The field of micellar electrolytes comprises essentially two families of 
compounds: soaps and dyestuffs. A great deal of work has been devoted to 
the clarification of the solution behavior of soaps during the past decades. 
Very few studies (1), on the other hand, have been carried out in the field 
of dye solutions since the publication in 1937 of Valko’s book (2), which 
contains an excellent review of the state of knowledge at that time. In the 
course of our studies on the interaction of some azo dyes with the water- 
soluble polymer polyvinyl pyrrolidone (8), it became inevitable to study 
the behavior of dye solutions as such. 

The dyes orange IT (O-II) and benzopurpurin 4B (BP) were chosen as 
typical representatives of the family of azo dyes. The solution properties 
of these dyes were studied by means of various physical methods in the 
absence and presence of salt and at different temperatures. The objective 
of this investigation was to gain some information on the conditions under 


which micelle formation takes place and on the size and shape of the 
micelles. 


1 This work was supported by the office of the Surgeon General, Department of 
the Army. 


* Chemistry Department, Illinois Institute of Technology, Chicago, Illinois. 
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EXPERIMENTAL 
Reagents 


O-II (Eastman Kodak), twice recrystallized from water: 


OH 
< >—N=N—K > s0rNat 


BP (Allied Chemical and Dye Corp., National Aniline Division), twice 
recrystallized from water: 


NH; NH, 
| | 
aaa ee 
~ 
CH; CH; 
| 
SO;-Nat SO;-Nat 


Potassium chloride used was Mallinckrodt (A.R. grade). 

The water used for conductance measurements was twice distilled in the 
presence of potassium permanganate. The specific conductance is not par- 
ticularly low but sufficient for the purpose: approximately 2 * 10-* Q- 
em. at 25°C. All conductance values reported are corrected for water 
conductance. 


Conductance 


The experimental conditions of conductance measurements are the same 
as described previously (3). 


Viscosity 
An Ubbelohde dilution viscometer was used. The efflux time for water 
was 158.0 sec. at 25°C., at which temperature all measurements were carried 
out unless otherwise noted. The kinetic energy correction was neglected. 
For BP in salt solutions a special multibulb viscometer (4) was used which 
permits viscosity measurements at varying velocity gradients and extra- 
polation to zero gradient. 


LInight Scattering 


The instrument was a BS Phoenix light-scattering photometer. In order 
to measure strongly absorbing dye solutions certain deviations from the 
conventional procedure became necessary. It was found that light of the 
yellow Hg line (actually two lines: Hgy: at 5790.66 and Hgys at 5769.60 A; 


482 FRANK 


the distance between the two lines can be neglected, and the mean wave- 
length of 5780 A was used for calculations) can be used as incident beam. 
Neither O-II nor BP absorbs very strongly at this wavelength, and the 
intensity of the line and the sensitivity of the photomultiplier are sufficiently 
large to compensate for some light attenuation due to absorption. At still 
higher wavelengths beyond the absorption range, there are no practical and 
sufficiently intense monochromatic light sources available, the sensitivity 
of photomultipliers (RCA 1 P 21) drops off sharply, and the scattering in- 
tensity decreases rapidly with increasing wavelength. A mercury AH 3 
lamp with a Corning cutoff filter (no. 2324) was used as the light source. 
The filter does not eliminate light of higher wavelength. This, however, does 
not cause any disturbing effects because the intensity of the red Hg lines is 
quite small, the photomultiplier becomes insensitive, and the scattering 
intensities are rapidly reduced at increasing wavelengths. The instrument 
was calibrated at 5780 A by a Ludox solution (5). Most measurements 
were taken at room temperature (25° + 2°C.). A few measurements were 
taken at low temperature by cooling the liquid in the cell to 5°C. and taking 
readings before the liquid could warm up beyond 7°C. Dissymmetry meas- 
urements were made in a semioctagonal cell, and the entire scattering en- 
velope (25°-135°) was determined in a cylindrical cell with flat front and 
rear faces. The absorption at the wavelength used was sufficiently small to 
neglect absorption corrections (6). The comparatively small absorption is, 
however, sufficient to make any reflection effect negligible (7). 

Optical clarification of all solutions was achieved by pressure filtration 
at approximately 70°C. through ultrafine fritted discs. 

The refractive index increment was measured in an interferometer and 
in a simple Abbe refractometer using the Nap line. 


REsuLtTS 
Conductance 


The conductance results were plotted in the conventional manner (Fig. 
1). Figure 1 contains also some literature data (8) which probably repre- 
sent the best conductance measurements on dye solutions. It is apparent 
that the conductance values of this investigation are somewhat higher 
than reported data (8); this is probably due to traces of unremoved electro- 
lyte in BP. This, however, does not affect any of the basic conclusions. 

The data in Fig. 1 which represent measurements in salt solutions have 
been obtained by subtracting the conductance values for equally concen- 
trated KCl solutions from the total conductance, thus producing a value 
for the conductance contribution of the dye. It is obvious that the ac- 
curacy of these results is greatly reduced compared with the conductance 
data in salt-free solutions. It is practically impossible to obtain any mean- 
ingful results at very small dye concentrations. 


| 
| 
| 
| 
| 
| 
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10) 5 10 15 ! ! 
cone.2 x 10-(eq lit) 2 


Fig. 1. Equivalent conductance A vs. square root of equivalent concentra- 
tion for O-II and BP in the absence and presence of KCl at 25°C. 


It remains doubtful whether a linear extrapolation to obtain Ao is per- 
missible. Some authors have observed a conductance maximum at very 
small dye concentrations (8). Linear extrapolation of O-II conductances 
leads to Ao = 82, which is of a plausible magnitude (2), and for BP Ay = 110 
(considering the electrolyte impurities more likely 104), which appears 
somewhat high. 

Viscosity 

The viscosity results are presented in Fig. 2. O-II and BP in salt-free 
water produce only small viscosity increases, and within the limit of error 
the intrinsic viscosity is identical with the Einstein value of 2.5 for rigid 
spheres. The same is true for O-II at low salt concentrations (0.04 M KCl). 
At 0.4 M KCl a marked viscosity increase can be observed which is even 
greater at lower temperatures (3°C.). Evidently there is a critical salt con- 
centration between 0.04 and 0.4 M above which the viscosity will increase 
considerably. Extrapolation to zero concentration, however, leads to ap- 
proximately 2.5 at both temperatures. The data were obtained in a vis- 
cometer of a velocity gradient of approximately 2000 sec. (depending on 
the absolute viscosity of the solution). The viscosities of O-IT in salt solu- 
tion will probably be gradient-dependent, but in view of the only mod- 
erately high values of the reduced viscosities (not above 120) this effect is 
not likely to be very significant. 

The behavior of solutions of BP in the presence of salt (0.04 M@ KCl; 
at still higher salt concentration the dye is salted out) is entirely different 
from that of O-II. In the first place it is important to assure equilibrium 
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BP 


O-II A 
0-11/0.4MKCI/3C 
0-11/0.4MKCI 
0-11/0.04 MKCI 


5 Ss 
conc x10%(g cm) 


Fig. 2. Reduced viscosity 7:p/c vs. concentration for O-II in water and salt 
solutions and for BP in water at 3°C. and 25°C. 


conditions for all measurements on BP solutions. BP is known to form 
large micelles in salt solutions (2, 9, 10). If BP is dissolved in a salt solution 
at elevated temperatures, it takes usually several days after cooling the 
solution to room temperature before the steady rise of the viscosity ceases 
and a time-independent viscosity is reached. At elevated temperatures 
(60°-70°C.) the reduced viscosities are very small, and the solutions are 
obviously molecularly disperse or very nearly so. One can go through sev- 
eral heating-cooling cycles and show the complete reversibility of this 
effect: the viscosity drops immediately to a very small value on heating 
and takes several days to rise after cooling. The formation of BP micelles 
is apparently a very slow process which may be diffusion-controlled, and 
may have a very small steric factor. Such a condition may exist if, for in- 
stance, the ends of a large micelle having a structure resembling a stack of 
coins adds additional dye ions. The rate of micelle formation may also be 
affected by a large activation energy which may be required to overcome 
electrostatic repulsion as additional dye ions are added to the growing 
micelle. On the other hand, the breakdown of micelles appears to be a 
rapid process in which only the binding affinities between dye ions have to 
be overcome. In view of these complications, which apply to all physical 
measurements on BP solutions (1), it is necessary to allow the system suffi- 
cient time for equilibration after dissolving and diluting. 

The viscosity measurements were carried out over a velocity gradient 
range between 1000 and 3000 sec.—. The gradient used in this investigation 
is the so-called maximum gradient Q (11). 


Q = Rpg/2Ln. [1] 
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600 


400 
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fo) 0.1 0.2 conc. x !02(g.cm>) 


Fig. 3. Reduced viscosity 7s,/c vs. concentration of BP at different velocity 
gradients, 0.04 M KCl, 25°C. 


TABLE I 
’ Refractive Index Increments of O-II and BP in Water 
Dye Instrument Wave length (A) dn/dc 
O-II Interferometer 5780 0.469 0.45 
Abbe refractometer 5893 (ogi eve: 
BP Abbe refractometer 5893 0.575 


The data were treated in the manner suggested by Fuoss (11) and are pre- 
sented in Fig. 3. The gradient dependence of [»] is very considerable. In 
contrast to O-II there is no decreasing tendency of the reduced viscosity 
at lower BP concentrations. Any extrapolation, uncertain as it may be, 
will certainly not lead to an intrinsic viscosity value in the neighborhood 
of 2.5. Other viscosity data which are not reported because of the uncer- 
tainty of the gradient, cover a greater concentration range and agree quali- 
tatively with the above results and do not show any decrease of the re- 
duced viscosities at concentrations as low as 0.02 X 107°. 


Light Scattering 


The refractive index increments dn/dc of O-II and BP in water are listed 
in Table I. For all further calculations the average value of 0.45 for O-II 
was used. This value is in contrast with a value of 0.2 in the literature (1). 
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BP solutions could not be measured in the interferometer because of the 
darkness even of dilute solutions. The value of 0.575 is in fair agreement 
with one reported previously (1): 0.545. 

Solutions of O-II in water produce very small scattering intensities. The 
results are therefore numerically rather unreliable and can be considered 
only as an indication of the order of magnitude of the particle weight (PW). 
The concentration ranges from 0.049 to 0.289 X 10-*(g.cm.~*), and the 
scattering function Hc/r is essentially concentration-independent and in- 
dicates a particle weight of about 3000, i.e., a degree of association (DA) of 
about eight. Whereas it may be possible that DA is actually lower than 
eight, one can exclude with certainty the possibility of existence of micelles 
with much greater DA under these conditions. The analogous results of BP 
in water are even less accurate (BP absorbs stronger at 5780 A) and seem 
to indicate a particle weight of about 2000, i.e., DA about three, in a con- 
centration range from 0.025 to 0.250 * 107. 

The scattering intensities in salt solutions are much greater, and the re- 
sults are accordingly more reliable. The results on O-II are shown on Fig. 4. 
All O-II solutions show a small depolarization (<0.1). No depolarization 
correction was applied. Dissymmetries at 25°C. were essentially unity. At 
5°C. a small but measurable dissymmetry of 1.08 was observed in the con- 


30 


20 


° 
0) Tae ee 


cone. x 10%(g.cm"3) 


005 O10 0.15 0.20 0.25 
Fig. 4. Light scattering of O-II in 0.4 M KCl at 5°C. and 25°C. 


} 
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TABLE II 
Particle Weight and Degree of Association of O-II in 0.4 M KCl at &°C. and 25°C. 
. SoCs 25°C. 
Conc. X 10? (g.cm.-) PW DA PW DA 
0.07 22,000 63 4,000 eS 
0.10 28 ,000 80 6,850 19.5 
0.15 32,000 91 9,100 26 
0.20 35,000 100 10,000 28.5 
0.25 37,000 106 11,100 32 
TABLE III 


Size of O-II Micelles from Light-Scattering Dissymmetries 
Cone.: 0.2 X 10-2, z = 1.08, DA = 100, »’ = A/n = 4850 A 


Spherical Rodlike 
Density: 1.49,¢ Micelle volume: L./ = 0.16, Z, = 700 A 
3.9 X 10°23 cm.? 
Diameter: 42 A & )’/100, Zeale = 1.00 L./DAw = 7 A per O-II unit 


2 Determined by a flotation method in chloroform-cyclohexane. 


centration range between 0.2 and 0.3 X 10-?. No dissymmetry correction 
was used for the calculation of the particle weight. The experimentally de- 
termined dissymmetry was used for calculation of particle size. In view of 
the smallness of the dissymmetry its numerical value is rather uncertain, 
and the calculations supply information only on the order of magnitude 
of the size of the micellar particles. If one neglects all interaction effects 
between dye ions and micelles at finite concentrations, one can calculate 
PW and DA as a function of concentration and temperature (Table IT). 

The results of some calculations on the size of the micelles assuming 
either a spherical or rodlike physical model are presented in Table III. The 
calculations of Table III were carried out with the help of the tables of 
Doty and Steiner (12). It can be seen that a spherical micelle of DA = 100 
would have a diameter which is incompatible with a value of 1.08 for the 
dissymmetry. A rodlike micelle, however, could be formed by stacking 
O-II ions together. A characteristic length of 7 A per O-II unit is not un- 
reasonable and within molecular dimensions. It should be pointed out that 
in a polydisperse system the length of rodlike particles as calculated from 
dissymmetry represents a z-average, whereas DA is a weight average. The 
numerical ratio of the two experimentally obtained parameters (7 A per 
O-II unit) for a polydisperse system will be greater than if the ratio had 
been formed from identical averages, which, however, are experimentally 
not available. 

Light scattering of solutions of BP in 0.04 M KCl was measured at room 
temperature only. Proper precautions were taken to assure equilibration 
after preparation of the solutions and after dilution. The scattermg in- 
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tensities of such solutions and the angular dependence are considerable. 
Therefore it was necessary to measure the entire scattering envelope (25°— 
135°) rather than dissymmetries. The scattering intensities obtained in the 
cylindrical cell were calibrated by comparative 90° measurements in an 
ordinary dissymmetry cell. Depolarization was measured at 90° with the 
incident beam being either unpolarized, or vertically or horizontally 
polarized. The average value of p, is 0.48; p, is 0.32; p, is 1.24. The magni- 
tude of all three values of p indicates the presence of very large electrically 
anisotropic particles (13), and their relation to each other obeys the theoret- 
ical requirement (Krishnan’s reciprocity law): 


aca Ler 1/pn 
Sl pet 2) 


The 90° scattering intensities which were used for calibration of the read- 
ings obtained with the cylindrical cell were corrected for depolarization 
by an appropriate Cabannes factor (2p,/1 + p,). 

A reciprocal intensity plot (Zimm plot) is shown in Fig. 5, and the im- 
portant results are compiled in Table IV. This table also contains number- 


Pu 


fo) 0.2 0.4 06 08 
Sin?@/2+100 C 


Fra. 5. Recriprocal intensity plot, BP in 0.04 M KCl, Ke/R. vs. sin*®/2 + 100 c 


TABLE IV 
Light-Scattering Resuits on BP in 0.04 M KCl 
Intercept: (Ke/Ro)o = 0.52 X 10-*, PW. = 1,900,000, DA. = 2620. 
Rz = 4240 A, L, = 6R,/»/3 = 14,700 A. 


Asymptotic intercept: (Ke/Rs) = 1.25 xX 10-6, PW, = 400.000. Dé. = 
Rn = 680 A, L, = 2360 A. : 1000, DAn = 550. 


Li/DA, = 5.6 A, T,/DA, = 44 per BP unit. 
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average parameters obtained from extrapolation of the asymptotic slope 
r (0 — 180°) (14). 

R, stands for the z-average of the root-mean-square radius of gyration 
and R,, for the number average; L, and L,, stand for the length of the cor- 
responding rodlike particle. 

The general relation between the radius of gyration R of a rod and its 


length L which has been used in Table IV to calculate L, is as follows: 
A = Lh, r= AR. dI = xh dz, I 


+L/2 
caplet 480/551 ctl 
ihe hx OS elem 


| T=L4/12, I/A=L/2=R, R=L 3/6. 


Here A is the area Lh in Fig. 6, and J is the moment of inertia with respect 
to axis y. 


H 


= 1/12. 


Y 


Fie. 6. Geometry of a rod-shaped particle. 


DIscussION 


From the results obtained a fairly consistent picture of the micellar be- 
‘ havior of the two azo dyes can be presented. 

Conductance data generally do not furnish much information on asso- 
ciation, as has been pointed out by Valko (2). The conductance data of 
O-II in water (Fig. 1) do not show any anomalies as compared with other 

- strong electrolytes. An equivalent conductance of 82 would lead to an anion 
conductance of 31, which is entirely plausible in the absence of association. 
The slope of the O-II curve is entirely normal for a strong 1.1 valent elec- 
trolyte and is practically identical with that of KCl. The conductance data 
of BP would lead to an anion conductance of 53, which is higher than one 
could expect for molecularly disperse ions. The slope of the BP curve is 
unusually steep, which is probably indicative of counter ion retention. 

In the presence of added salt the conductance of O-II is considerably re- 
duced, which, however, is to be expected simply owing to greatly increased 
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ionic strength of the solutions. In the case of BP the conductance reduction 
is much greater than can be explained by increased ionic strength. Extra- 
polation to a comparable ionic strength would lead to conductance values 
of the order of 50, whereas the experimental values are as low as 20. This 
large effect is evidently due to the formation of large particles which retain 
a large fraction of the counter ions, thus reducing the effective charge and 
the mobility of the micellar anions. 

The viscosity data on O-II and BP in water seem to indicate the presence 
of spherical or nearly spherical particles which lead to an Einstein viscosity 
of 2.5. This evidence together with the low light-scattering intensities of 
such solutions seems to prove either the absence or the very small size of 
micelles (micelles containing about five or less ions cannot be excluded; 
such micelles may well have a more or less spherical shape if the dye ions 
are put together like a stack of coins, as will be discussed below). The 
viscosity increase of O-II in salt solution at 25°C., and even more at 3°C., 
strongly suggests formation of large-size anisotropic micelles. It is generally 
known for all kinds of micellar electrolytes that increasing salt concentration 
reduces electrostatic repulsion between ions of equal sign, and thus favors 
formation of micelles under the influence of intermolecular forces which 
are overshadowed by electrostatic forces in the absence of salt (2). The 
viscosity increase of O-II solutions must be due to formation of anisotropic 
particles with the length or degree of association increasing with con- 
centration. 

Neglecting hydrodynamic interaction between these particles one can 
calculate their axis ratio f = L/h and length by using Simha’s equation for 
rotational ellipsoids (15): 


Nep/C = 2.33f1-7/10d, [3] 


where d is the density of the solute (1.49 for O-II). The equation has been 
used on some results of O-II solutions (Table V). The length of the micellar 
particles represents a viscosity average 


Ln = On N.L?7/>, N,L,;)47 [4] 


and was calculated in the following fashion: O-II ions can assume a per- 
fectly flat configuration (Fig. 7). The size of the O-II anion is 13.3 A length, 
6.5 A width, and probably not more than 3 A thickness (2). The only 
plausible arrangement of O-II ions in the micelle will be such that the ions 
arrange themselves parallel to each other in th. nner of a stack of coins 
(Fig. 8). The dispersion forces between the aromatic systems can exercise 
maximum interaction (16), ard at the same time the hydrophilic polar 
groups can Interact with the aqueous solvent. The pH of the O-II solutions 
was between 6 and 7, indicating complete ionization of the sulfonate group 
and no ionization of the phenolic hydroxyl group. The mean of the length 
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; TABLE V 
Particle Dimensions from Viscosity Data 
wets atl Bm LE 
SaGre 
0.1 47 28.5 285 80 3.6 
0.2 90 42 420 100 oy 
Ons 132 53 530 120 4.5 
BSAC. 
Os il 4.8 1208 75.3 19.5 3.8 
| 0.2 7 9.35 93.5 28.5 3.3 
} 0.3 9.3 11.0 110 33.9 3.9 
0.6 SED, 14.9 149 
1.0 24 19.3 193 
2.0 45 27.9 279 


« Light-scattering data were obtained at 5°C. 


Fic. 7. O-II molecular model in flat configuration. 


and width of the O-II ion would be approximately 10 A which can be taken 
to represent the short axis of the rotational ellipsoid. From this value and 
the value of f the length L can be obtained. If the length L is divided by DA 
from light scattering, t/ @hickness of one unit can be obtained. Again this 
value is obtained by relating two different averages with each other, but 
the viscosity average of L will not differ Yreatly from the weight average. 
In the last column of Table V it can be seen that the numerical value is 
only slightly greater than the expected thickness of the O-II ion, and it is 


492 FRANK 


Fria. 8. Two O-II ions arranged parallel to each other (stack of coins 
arrangement). 


fairly constant, proving the viscosity results to be consistent with the 
light-scattering data. Any variation will have to be attributed to the as- 
sumptions made such as neglecting interaction effects at finite concen- 
trations. 

From light-scattering data alone a length of 700 A was obtained (Table 
III) to be compared with 420 in Table V. It should be kept in mind that the 
length from light scattering represents a z-average which will be larger than 
the viscosity average for a polydisperse system. Also, the light-scattering 
size has not necessarily the same physical significance as the viscosity size, 
the former referring to a volume of different refractive index relative to the 
surrounding medium and the latter to a hydrodynamically effective 
volume. The short axis of the micelle could be greater than 10 A owing to 
hydration or counter ion retention which would lead to a greater length for 
a given axis ratio from viscosity data. 

Another significant conclusion from viscosity data is that the reduced 
viscosity sp/e is proportional to L'7, and, on the other hand, proportional 
to the first power of the concentration (Fig. 2). Therefore, L has to be pro- 
portional to the 0.6 power of the concentration (neglecting ||, which is 
small compared with most values of the reduced viscosities). If one makes 
the reasonable assumption that the probably accidental linearity between 
Nsp/€ and the concentration contains a contribution from hydrodynamic 
interaction, and that the increase of 7.,/¢ due to increasing length of the 
micelle is therefore proportional to somewhat less than the first power of 


— i 
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the concentration, one might obtain a relation between L and the 0.5 power 
of the concentration. A square-root relationship of this kind can be ration- 
alized in the following manner: If one considers either side of the flat O-II 
ion as a reactive site with respect to association, one can write 


8 = 2c, [5] 


where s is the molar concentration of reactive sites and c the concentration 
of O-II. The fraction of associated and unassociated sites will be p and 
(1 — p), respectively. The rates of association and dissociation as second- 
and first-order reactions will have to be proportional to s*(1 — p)? and SP, 
respectively. One can then formulate an equilibrium constant: 


Ke sp sl sp)*, [6] 
Substituting Eq. [5] and solving for c leads to: 


igen eens page | 
~ = pK ~ Op» H 


Substituting DA, = 1/1 — p into Eq. [7] one obtains 


C 


(DA,)? = ¢/pK’. [8] 
For | — p < 1 one obtains 
DA, = (/K)”. [9] 


Equation [9| indicates a square-root relationship between the number- 
average degree of association and the concentration, with the propor- 
tionality factor being a measure for the equilibrium constant. A relation 
between other averages of DA, such as the viscosity average and the con- 
centration, will differ from Eq. [9] only by a constant factor which will be 
contained in K’ and which will depend on the prevailing distribution. 

BP solutions form very large micelles in the presence of salt. The pH of 
all BP solutions used was about 7, indicating complete ionization of the 
sulfonate groups and no ionization of the amino groups.’ The viscosity data 


3 It was observed that BP solutions in pure water seem to age and tend to undergo 
association upon standing. It could be shown that absorption of CO» is responsible 
for this effect. A freshly prepared BP solution (concentration 0.256 X 1077) was 
heated to 80°C. for 30 min. in order to remove CO». After cooling to 25°C. viscosity 
and pH were determined: 7.,/c = 2.6, pH = 6.95. Both values can be considered 
normal. CO» was bubbled through the solution at 25°C. for 1 hour and again viscosity 
and pH measured: 7sp/¢c = 5.9, pH = 5.10. The solution also appears much darker 
than before CO» absorption. As the pH is reduced it approaches the IEP pH, which 
leads to increasing ionization of the amino groups and thus to formation of zwitter 
ions. It is assumed that electrostatic attraction between the zwitter ions is respon- 
sible for the formations of aggregates of this kind which are not being formed at 
neutral pH in the absence of zwitter ions. This observation may be the cause of some 
contrasting reports on BP behavior in the literature. 
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Fra. 9. BP molecular model in flat configuration. 


of Fig. 3 indicate a behavior different from that of O-II. No disassociation 
seems to take place upon dilution within the concentration range studied. 
BP can also assume a flat configuration (Fig. 9), and the characteristic di- 
mensions are as follows: length 24 A, width 10 A, and thickness again about 
3 A. If the micelles are formed analogous to the O-II system application 
of Simha’s equation leads to the following results: 


__[y) = 800, f=150, L, = 26004, 
DA, (ight 'statt.) = 2620," L,/DAy = =AG 


The length is again obtained by using the mean of length and width of one 
BP anion as the short axis of the rotational ellipsoid, i.e., 17 A. The result- 
ing thickness of 1 A of one BP unit appears to be too small to be plausible 
and is in contrast with the considerably greater values obtained from light- 
scattering data (Table IV). An analogous discrepancy applies to the lengths. 
fven with the obvious polydispersity of the solutions (Fig. 5, Table IV) 
taken into account, it seems doubtful whether the micellar dimensions 
from viscosity data are compatible with those from light scattering. It 
should, however, be pointed out that the only result for thickness of one 
BP unit which was obtained by combining parameters of corresponding 
average, is the number-average ratio in Table IV with 4.3 A, which is com- 
parable to the thicknesses obtained for O-II. The complicating factors 
which have been pointed out for O-II solutions apply of course also to BP. 


Thus it may well be that the hydrodynamically effective dimensions of one 
BP ion exceed 10 or 25 A, respectively. 


ie 
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ABSTRACT 


The intensity curves for the X-ray small-angle scattering of several carbon blacks 
are analyzed by Hosemann’s theory and by Porod’s theory. The particle size distri- 
bution is estimated from the small-angle scattering and is compared with the electron 
micrograph data. A serious disagreement is found between them. However, the aver- 
age particle size, and the parameter, /., in Porod’s theory are always of the same 
magnitude as the electron micrograph data. The meaning of these results is discussed. 


INTRODUCTION 


Carbon black is one of the materials which give strong small-angle scat- 
tering of X-rays. Since the early study of Krishnamuruti (1), this scattering 
has been investigated by many authors. However, the nature of this scat- 
tering is still under discussion. 

Warren and his collaborators (2-4) have studied the X-ray diffraction 
pattern of carbon black in detail, and have thrown light on its structure. 
Graphite-like layers are stacked roughly parallel to one another, without 
such an orientation as in graphite about the normal of the layer, single 
graphite-like layer is in the order of 20 A, and the thickness of a parallel 
layer group is usually in the order of 10 A. In the course of these investi- 
gations, Biscoe and Warren (3) tried to obtain information on the cluster- 
ing of parallel layer groups by a rough analysis of small-angle scattering. 
The logarithm of the observed intensity of small-angle scattering was 
plotted against the square of the corresponding scattering angle, and par- 
ticle size was estimated according to Guinier’s method from the slope of 
this curve. The results were in the order of 100-1000 A, which is many 
times larger than the dimensions of parallel layer groups, and of the same 
magnitude as the particle sizes observed by the electron microscope. This 
fact has been considered to indicate that many parallel layer groups aggre- 
gate to make a spherical cluster, which is the particle in the electron micro- 
graph. 

In contrast, the results of recent studies on the small-angle scattering 
of carbon blacks by Brusset (5) and Brusset e¢ al. (6) led to the conclusion 
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that the particle sizes measured by the electron microscope are several 
times larger than those from small-angle scattering. They suggested that 
the small-angle scattering of carbon black could be attributed to the sub- 
structure of the particles. For some carbon blacks, the small-angle scatter- 
ing was considered to be due to the micropores in the carbon black particles. 

However, there remain some questions about the procedure of analysis 
adopted by these authors. It may not be justifiable to estimate particle size 
using only a restricted part of the intensity curve for a polydisperse col- 
loidal system such as carbon blacks. The limit of the applicability of Gui- 


‘ nier’s formula must be taken into account. Further, although these authors 


neglected the effect of inter-particle interference, it has long been a point of 
discussion in the theory of small-angle scattering by polydisperse colloidal 
systems. Recently two theories have been elaborated for small-angle scat- 
tering, the one due to Porod (7, 8) and the other due to Hosemann (9). 
The purpose of this study is to interpret the small-angle scattering of X-rays 
by carbon blacks with the aid of these theories, and to compare the data 
with those obtained by independent methods. 


EXPERIMENTAL PROCEDURES 


The details of the apparatus were described in the previous paper (10). 
X-rays were collimated to a pin-hole beam by two apertures separated by 
50 cm. The specimen was packed into a circular cavity of 10 mm. diameter 
in a flat metal plate of 0.5 mm. thickness, and placed immediately behind 
the second aperture. The specimen film distance was 549 mm. The appara- 
tus was evacuated except in the neighborhood of the specimen. Ni-filtered 
Cu K, radiation was used. 

About twenty diagrams were registered photographically for each speci- 
men, with various exposure times and with different aperture sizes. In- 


» dividual films were microphotometered by means of a Riken-B-type 
} microphotometer. To obtain an intensity curve from them, only a restricted 
/ range of photographic density was used, so that a linear relation could be 


assumed between the incident energy of the X-rays and the correspond- 


| ing photographic density. A series of intensity curves for each specimen were 


combined by graphical matching to a complete scattering curve extending 


'. from 4’ to 2° of the scattering angle. 


The materials used were six commercial carbon blacks: Royal Spectra 
(H.C.C., Columbian Carbon Co.), Philblack E (S.A.F., Phillips Petroleum 


Co.), Peerless Mark II A (Peerless Carbon Co.), Tokyo Gas Carbon (Tokyo 


Gas Co.), Statex B (F.F., Columbian Carbon Co.), and Philblack O (H.A.F., 


_ Phillips Petroleum Co.). 


After the experiments with small-angle scattering, the apparent density 


_ of each specimen under the experimental conditions was measured. Packing 
' densities were estimated from these data, using the densities of the carbon 
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Fig. 1. Intensity curve of the small-angle scattering by Tokyo Gas Carbon. 


black particle. Wide angle X-ray diffraction patterns were investigated with 
a Geiger counter X-ray diffractometer, made by Rigakudenki Co. 


RESULTS 
a) Interpretation of Scattering Curves by Hosemann’s Theory 


A typical example of observed intensity curves is shown in Fig. 1, where 
the logarithm of the observed intensity is plotted against x, which is the 
distance from the center of the direct beam on the film. Neither maximum 
nor inflection point can be observed, and the intensity increases rapidly 
with decreasing scattering angle. This is the type of intensity curve which 
is usually found in small-angle scattering by a polydisperse colloidal system. 

The effects of interparticle interference in such a case have been investi- 
gated theoretically by Hosemann (9). Some simplifying assumptions are 
used in the theory. The square of the structure factor of a spherical par- 
ticle of radius R, F(h)*, is approximated by an exponential function of 
Guinier’s formula, 

F(h)? = N? exp. [—h?R?/5], [1] 


where N is the number of electrons in the particle, h = 4m sin 0/\ where 
26 is the corresponding scattering angle, and ) is the wavelength of the 


X-rays.! The mass distribution of particle sizes is assumed to be a Max- 
wellian type, thus, 


2 
M(R) See ex ee ee 
(R) nar(? 1 R" exp. [—R'/Ro |, [2] 
o 


‘ Under the present experimental condition, 


h = 4r sin 0/X = 7.439 X 10-32. 
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Fic. 2. Plot of h7J(h) versus h for Tokyo Gas Carbon. 


TABLE I 
Packing Density of the Specimens for Small-Angle Scattering 


Density of Apparent density Packing density 


iieg pe of specimen Bs 
Royal Spectra 1.68 0.136 0.08 0.52 
Philblack E 1.76 0.549 0.31 0.64 
Peerless II A 1.82 0.442 0.24 0.38 
Tokyo Gas Carbon 1.68 0.239 0.14 0.67 
Statex B 1.81 0.754 0.42 0.95 
Philblack O 1.81 0.609 0.34 beta 


where n and RF, are the parameters determining the distribution. Further, 
it is assumed that each particle is surrounded by an empty space, the vol- 
ume of which is proportional to that of the corresponding particle. The 
theory shows that the interparticle interference would be negligible, if the 
mean relative statistic fluctuation of particle size, g, is not smaller than the 
packing density of particles in the specimen, c; i.e., 


g2¢. [3] 


When we plot the observed intensity multiplied by h? against h, we can 
find a maximum on such a curve for all specimens. An example of these 


. curves is shown in Fig. 2. It is seen that the shape of the curve is in good 


agreement with Hosemann’s theory. In these cases, g can be derived from 
the following relation, 
hr 1 
Teo e /2Xn + 1) 
where hy is the position of the maximum point, and hr is the intersection 


with the h-axis of the tangent at the inflection point in the h?J(h)-curve. 
The values of g calculated by Eq. [4] are presented in Table I with the ob- 


served values of the packing density. The condition expressed in the in- 
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TABLE II 
Results Obtained by Hosemann’s Method 


Dimension of parallel 


Average Diameter by layer group 

n diameter E ar 7 E 

% (4) [4] 
Royal Spectra 0.85 166 180 13a 20.0 
Philblack E 0.22 201 230 12.0 24.6 
Peerless II A 1.21 292 300 14.2 26.8 
Tokyo Gas Carbon 0.13 237 350 13.4 28.2 
Statex B —0.44 349 440 16.9 24.5 
Philblack O —0.50 400 350 13.3 PHS 


equality [3] is found to be satisfied for all specimens. Therefore, according 
to the theory, interparticle interference can be neglected, and the mass 
averaged particle diameter D can be calculated by Eq. [5]. 


salle 
Foe y/ 10 2 5) 


he Gee Va 
r( a) 


The results are given in Table IT. 

We shall compare them with the particle sizes measured by the electron 
microscope, and with the dimensions of parallel layer groups. In the fourth 
column of Table II, the most frequently observed particle diameter in the 
electron micrograph of each specimen is shown. The dimensions of parallel 
layer groups are given in the last two columns of the same table. The dimen- 
sion of a single graphite-like layer, Lz, was calculated from the breadth of 
(10)-reflection at half the maximum intensity, using Warren’s formula 
for the random layer lattice: 


La = 1.84 d/8 cos 8, [6] 


and the thickness of the parallel layer group, L., was calculated from the | 
breadth of (002)-reflection by Eq. [7]. 


L. = 0.89 d/8 cos 0. [7] 


The mass averaged particle diameters from small-angle scattering are of 
the same magnitude as the electron micrograph data, and are many times 
the dimensions of the parallel layer groups. In this respect, the results seem 
to agree well with the opinion stated by Biscoe and Warren (3). However, 
it must be noted that the parameter n, which determines the sharpness of 
the distribution curve, is smaller than 1, except with Peerless Mark II A. 
It is negative even in the cases of Statex B and Philblack O. It is obvious 
that there is a serious disagreement between the results just mentioned 
and the electron micrograph data, since the number fraction of the par- 
ticles with radius R must increase regularly with decreasing R, unless the 
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parameter 7 in the corresponding mass distribution of particle size is greater 
than 3. A number of reasons can be considered for this disagreement. The 
assumption concerning the distribution function is one point to be ex- 
amined. 

If we assume a discrete distribution instead of a continuous one, the 
scattering intensity will be expressed as 


I(h) = K 2) M(R)R; exp. (—W'R?/5), (3) 


| where K is a constant and M(R,) is the mass fraction of the particles with 
_ radius R;. The graphical analysis of the curve of log J(h) versus h? in terms 
of Eq. [8] has been frequently used in order to evaluate M(R;). This method 
is due to Jellinek and Fankuchen (11). 

The observed intensity curves were treated by this method. The results 
for Tokyo Gas Carbon and Statex B are shown in Tables III and IV. 
In Table III, the largest value of M(R) occurs at the smallest particle 
size. The value of M(R) decreases with increasing particle size, but rises 
again above 20% at D = 328 A. In Table IV, M(R) is also largest for the 
smallest particle, the diameter of which is 32.8 A. This seems to coincide 
with the result for Statex B by Brusset et al. (6). They analyzed the Guinier 


TABLE III 


Results of Analysis of the Curve of log [(h) versus h? by Fankuchen’s Method (Tokyo 
Gas Carbon) 


pian | irae 

[A] (%] 

Bil 74 27.6 
102 13.3 
160 13.5 
213 9.7 
328 22.6 
568 9.4 
983 3.8 

Average diameter, D = 230 A 
TABLE IV 
Results of Analysis of the Curve of Log I(h) versus h? by Fankuchen’s Method (Statex B) 
Piemcten veneer paces 

[A] (%] 

32.8 28.7 
108 9.2 
186 WS3e2 
275 11.0 
418 17.9 
710 13.4 

1145 7.0 


| Average diameter, D = 324 A 
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plot of small-angle scattering into two components, the diameters being 
33 A and 69 A, respectively. Considering the fact that the average diam- 
eter was 446 A by the electron microscope, and 463 A from the specific 
surface area determined by nitrogen adsorption, they attributed the ob- 
served small-angle scattering to micropores in carbon black particles. 
However, the present result shows the existence of a second maximum at 
about 400 A, which is almost equal to the average diameter by other 
methods. Such a second maximum was always found, while the value of 
M(R) was largest at the smallest particle size for all specimens. The particle 
sizes corresponding to the second maxima, and the average diameters, 
D = >; 2R;M(R,)/>-; M(R,), are given in Table V. Both values are of 
the same magnitude as the corresponding electron micrograph data. 

In order that the observed intensity curves be sufficiently approximated 
by 


10) 2k I ” M(R)R® exp. (—R?/5) dR, (9] 


M(R) can be expected to have the characteristics mentioned above. There- 
fore, it seems incorrect to use a Maxwellian distribution function for M(R). 
Instead M(R) is considered to be composed of two parts; one can be closely 
correlated with the observations by the electron microscope, and the other 
cannot. 


b) Interpretation of Intensity Curves by Porod’s Theory 


In order to expose the true physical meaning of the present results, it is 
hoped to treat the intensity curves from the more general viewpoint, 
without assuming a prior? such an interpretation as Eq. [9]. Porod (7, 8) 
has elaborated a general theory on the basis of the Debye theory of X-ray 
scattering, which is applicable to the small-angle scattering of polydis- 
perse colloidal systems. According to this theory, the scattering intensity 
can be expressed by the following integration, 


ie] . 
sin h 
1(h) = T.R)Ve'e(t — 0) | Her) ® oo ar” dr, [10] 
0 
TABLE V 
Results Obtained by Fankuchen’s Method 
Average | Diameter at the second 
diameter D maximum of M(R) 

[A] [A] 
Royal Spectra 181 125 or 130 
Philblack E 203 320 
Peerless II A 278 280 
Tokyo Gas Carbon 230 330 
Statex B 324 418 
Philblack O 391 570 
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where J.(h) is the intensity of X-rays scattered by one electron, V is the 
- total volume of the specimen irradiated by the X- -ray, p is the mean elec- 
tron density in the particles, c is the packing density of the specimen, and 
H(r) is the characteristic function of the specimen. A number of essential 
relations have been derived from Eq. [10], without ambiguous assumption 
except as to the constancy of electron density in the particles. For instance, 
the theory shows that the scattering intensity at the higher scattering 
angles should be inversely proportional to the fourth power of the corre- 
sponding scattering angle, 


Lim. [I(h)] = 2mp2SI.(h)/ht, [11] 


where S is the total surface area of the specimen in the X-ray pass. 

Porod has proposed a few functions as the useful parameters to describe 
the characteristics of the scattering. Among them a parameter /,, which 
is called the distance of heterogeneity, is defined as 


2 i| VEG a [12] 


This quantity can be derived directly from the observed intensity curve 
using the following equation: 


* Al (h) hIQ) 9, 
poe, ean | | Sys Me 


In order to calculate the integrations in Eq. [13], it is necessary to estimate 
_ the values of integrands to the smaller scattering angle by extrapolation. 
The upper limits of the integrations were laid at h = 0.12. These proce- 
dures were considered to yield no serious errors. The results are given in 
Table VI. 

The values of J, are a little smaller than the particle sizes observed by 
the electron microscope. It is not easy to picture the geometrical signifi- 
cance of J, in general. We shall consider, however, one special case where 


TABLE VI 
Results Obtained by Porod’s Method 
Distance of Specific surface area (105 cm.?/g.) 
pt ea From particle : 
[A] By Eq, [11] oe (N2 adsorption) 
_ Royal Spectra 152 3.73 1.76 
Philblack E 172 Pye ANS) 1.49 (1.4267 ) 
Peerless II A 234 ihe ae 
) Tokyo Gas Carbon 261 ; ; 
} Statex B 325 0.88 0.77 (0.70°) 
| Philblack O 381 1.60 0.65 (0.7512) 


* Kraus, G., J. Phys. Chem. 69, 343 (1955). 
> Brusset, H. , Lerat, B., and Makki, M., Ann. chim. (Paris) 9, 447 (1954). 
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the interparticle interference is perfectly negligible, and all particles are 
spherical. In this case, the scattering intensity will be expressed by Eq. 
[14], using the exact structure factor for spherical particles (12), 


I(h) = I.(h) DO (440R;)’p (=) [Ja2(hR.)/(AR,)’Y, [14] 


and the following relations can be derived: 


[ raniranynan = FD agers? 2) [° etara/rg*ta ah 


=p», (44R;) (3R,); 


and similarly, 
[ renyreanyit an = 6° D genes (8%) [ Uantana/aR yt ah 


=p di) (46nR;') (2n°). 
Thus 
le = 34 D1 (446aR?)Ri/ DL (440R?) 
. : 
1, oad (15) 


where D is the mass averaged diameter. The correlation between the ob- 
served values of /, and the particle sizes measured by the electron micro- 
scope is shown in Fig. 3. A linear relation is seen between them. If the 
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Fia. 3. Correlation between the distance of heterogeneity calculated from the in- 
tensity curve and the corresponding particle size by electron microscope. 
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Fic. 4. Plot of h4Z(h) versus h for Tokyo Gas Carbon. 


mass averaged diameters are estimated from /, according to Eq. [15], the 
values will be of the same magnitude as the electron micrograph data. 
This means that the observed small-angle scattering is due certainly to 
the particles which can be observed under the electron microscope. Prob- 
ably the interparticle interference is not important under the conditions 
of the present study, at least to a first approximation. 

We shall examine next the relation represented in Kq. [11]. The ob- 
served intensity was multiplied by h*, and the product was plotted against 
h. Figures 4 and 5 are two typical cases of these curves. In Fig. 4, h47(h) 
remains nearly constant in the region from h = 0.04 to h = 0.08. A hori- 
zontal region like this appears with every specimen. Philblack E offers 
an extreme case in this respect. This region can not be observed clearly, 
as is seen in Fig. 5, where the curve has only an inflection point. 

If it is possible to interpret these horizontal regions by Eq. [11], the 
4 specific surface area S,, can be evaluated by means of Eq. [16]. 


a (1 —c),. 4 Ps 
Sip. = LS tim, HT) i, i iI(h) dh, [16] 


where d is the density of the particle. The results are shown in Table VI.? 
The specific surface areas obtained by Eq. [16] are larger than the values 
- estimated from the particle size.? However, they are still not unreasonable 


2 The value of h4Z(h) at the inflection point was substituted instead of the value 
of lim{h4Z(h)] in such cases as Philblack E. 
3 This was evaluated assuming the following equation, 
anne 3 
GAL gid! 


the value of (4)le, being used for D. 
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Fia. 5. Plot of h*Z(h) versus h for Philblack E. 


values. Therefore, it may be allowable to accept Eq. [11] as an explana- 
tion of the horizontal region in the h‘/(h) curves. These regions should 
extend to larger scattering angles as far as they obey Porod’s theory, but 
the observed curves rise again after a relatively short period. This is a 
point of disagreement with Porod’s theory, which can not be explained 
simply as the result of experimental error. It seems that there is a definite 
reason for this fact connected with the substructure of the carbon black 
particle. 


Discussion 


Different treatments of the observed small-angle scattering of carbon 
blacks give the same conclusion; there is a correlation between the results 
for small-angle scattering and those for the electron micrograph. However, 
there is one point which is inconsistent between the procedures of analysis 
by Porod’s theory and those by the others. The exact structure factor of 
spherical particles can be approximated with an exponential function, 
Guinier’s formula, only within the range of small-scattering angles where 
AR does not exceed 3. Out of this range, there is a deviation. The square 
of the structure factor shows a damped oscillation. Its principal term is 
2mp*S/h'4, and oscillating terms are added to it. In the polydisperse col- 
loidal system, the scattering intensity in this region will be proportional 
to h~*, in consequence of the superposition of the scattered radiation from 
particles of different size. This is the relation represented by Eq. [11]. 
Therefore, the small-angle scattering in the region where the intensity is 
proportional to h~* must not be interpreted by Guinier’s formula. In other 
words, the application of Eq. [9] must be limited to scattering angles 
smaller than this. If we reexamine the results by Fankuchen’s method 
with this restriction, it is evident that the fractions of very small particle 
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size can be given no physical meaning. For example, the fractions corre- 
sponding to the diameter 31.7 A, 102 A, and 160 A must be removed from 
the results for Tokyo Gas Carbon in Table III. Similarly, the fractions 
with diameters smaller than 190 A must be removed from the results for 
Statex B in Table IV. In this way, the obtained particle size distributions 
must be modified greatly. This will lead to a more satisfactory agreement 
with the observations by the electron microscope. 

It is interesting to see that the treatment assuming Eq. [10] succeeded 
in yielding reasonable values for the average diameter, in spite of the great 
faults in the resultant particle size distributions. This seems to be due to 
} the following reason. If the observed intensity curve can be sufficiently 
approximated by Eq. [9] disregarding its physical meaning, by using a 
suitable function for M(R), it is possible to derive a simple relation be- 
} tween the average diameter and /, by substituting Eq. [9] into Eq. [13],4 


l, = 2 ee i ‘ RM(R) dR i: i . M(R) dR = ey Dae wit) 


| which shows that the average diameter will be always proportional to 
i l., whenever no serious error is introduced in the procedure of analysis. 
} Furthermore, comparing Eq. [17] with Eq. [15], it is evident that the 
average diameter estimated by the method of analysis which assumes 
| Eq. [9] will be of the same magnitude as the value which is to be obtained 
“| using the exact structure factor. 

The analysis based on Eq. [9] has been justified because the average 
| particle size agrees with that by other methods (13). However, the dis- 
> Gussion mentioned above seems to indicate that such a comparison can 
not be a criterion for the accuracy of the resultant particle size distribu- 
} tion. 

The overestimation of the weight of the smaller particles in the particle 
‘ size distribution is due not entirely to the incorrect application of Guinier’s 


= 


4 This relation can be derived as follows: 


tg is h if M(R)R? exp. (—h?R?/5) in| dh 
o vo 


/ ae | / ” M(R)RS exp. (—h?RY/5) ar | dh 
0 0 


“fo M(R)R8 bile h exp. (—h?R?/5) an | dR 
0 40 
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formula, but is also due partly to the high intensity of scattering in the 
intermediate angle range. A deviation from the relation represented by 
Eq. [11] is actually observed. In Porod’s theory, the electron density in 
the particles is assumed to be constant, but this may be not always true, 
especially in carbon blacks. Various causes may be found for the heter- 
ogeneity of the electron density in the particles. For example, it may be 
caused by micropores, as discussed by Brusset et al. (6). If the electron 
density p at the point defined by a vector x is expressed as 


p(X) = po + n(x), [18] 


where po designates the average electron density of the specimen, the in- 
tensity of the observable small-angle scattering from this system will be 
given by the following integration: 


1A) = 1,0) eV | y(r) we Anr® dr, [19] 
0 
where y(r) is the following function, 
1 
v0) = sp | nl)alx +0) de, [20] 


and 


7”? 


ll 


[ n@oaco ax, 


and its properties assumed to depend only on the magnitude of r. This 
equation has been given by Debye and Bueche (14), and it has 
been pointed out that Eq. [11] is a special case of Eq. [19] (15). In general, 
n(x) can be described as a summation of the two terms, 


n(x) = mo(x) + An(x). [21] 


In the particle, no(x) is taken to be equal to the average value of n(x), 
and An(x) represents the small fluctuation of n(x) about (x). For a point 
outside the particle, n(x) takes a constant value, and An(x) is always 
zero. Then, Eq. [20] can be expanded as follows, 


1 
1a raul no(X)no(x ++ r) dx + [, noCeante +r) dx 
[22] 
+ [ An(x)no(x + r) dx + [ An(x)An(x + r) ax}. 


The first term in this expansion is the component that has been discussed 
by Porod. It is certain that y(r) at large values of r can be sufficiently ap- 
proximated by the first term only. However, the contribution from the 


X-RAY SMALL-ANGLE SCATTERING OF CARBON BLACKS 509 


other terms must be taken into account at the smaller value of r, and the 
scattering intensity at the higher scattering angle depends predominantly 
on the shape of y(r) at the smaller values of 7. Therefore, the disagreement 
of the observed intensity distribution at the intermediate angles with the 
| theory seems to be reasonable. The components corresponding to the first 
term and the last term can be separately observed by selecting suitable 
| ranges of scattering angle only when the period of the fluctuation of 70(x) 
is sufficiently greater than that of An(x). In the present case, the contribu- 
| tion of the first term was estimated to be more than 20% of the total in- 
’ tensity at 2°. Furthermore, the scattering due to the fine structure of car- 
bon black cannot be neglected for the scattering angle higher than 3°. 
Accordingly it is questionable to analyze the intensity curve in the inter- 
) mediate angle range by the usual method, for example, by Guinier’s 
method. As a matter of fact, no correlation could be found between the 
slope of the curves of log /(h) versus h?, at 2°, and the dimensions of the 
parallel layer group. The same situation was confirmed in the study of the 
| small-angle scattering for a series of specimens, which were heat-treated 
_ at various temperatures up to 3000°C. The details of this will be found 


7 in a separate report. 
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The increasing use of surface-active substances as deflocculants in non- 
aqueous solvents has called for better ways to measure the deflocculation 
of suspended solids in oils. The present investigation was undertaken to 
develop such a technique covering the temperature range of prospective 
industrial applications, viz., from room temperature to 200°C. The usual 
methods, nephelometry and sedimentation, did not appear sufficiently 
promising to justify the very elaborate instrumentation required. Of the 
remaining two methods, viscosity and electrical properties, the latter was 
finally chosen, primarily because accurate electrical measurements can 
easily be performed over a wide range of conditions. 

Among the various possible electrical measurements, direct-current con- 
ductivity (at low potential gradients) is the simplest to carry out and to 
interpret if the solid particles of the system are electronic conductors. 
However, the following basic limitations are then incurred: (a) independent 
evidence is necessary to show whether a change in conductivity is due to 
flocculation or deflocculation of the system; (b) a quantitative correlation 
needs to be established between electrical conductivity and the manifesta- 
tion of deflocculation that is specifically of interest, e.g., viscosity, sedi- 
mentation, or some complex use characteristic. 


CHOICE OF SYSTEMS 


The most important feature of a two-phase system that will give repro- 
ducible measurements, namely, the maintenance of uniform particle dis- 
tribution throughout each volume element, is easily obtained if the particles 
comprising the disperse phase are small and do not differ in density very 
greatly from the fluid phase. Graphitized carbon blacks are the only 
readily available electronic conductors that meet these requirements; 
moreover, they are available with sufficiently wide variations in surface 
structure to permit examination of specific interaction effects with surface- 
active solutes. 

Significant physical and chemical properties of the carbon blacks selected 
are shown in Table I. The intrinsic conductivity of the particles has not 
been determined and probably does not matter greatly, since the decisive 


510 


DEFLOCCULATION IN HYDROCARBON OILS 511 


TABLE I 
Properties of Carbon Black 
Type nee pH Value 
Shawinigan Acetylene Black 53 6.2 
Spheron 9 (Channel Black) 115 4.3 


2 By nitrogen adsorption. 

> Determined as the pH value of a 1%w aqueous suspension of the carbon black 
against a glass electrode. The acid reserve (or binding capacity for strong base) of 

both blacks is about the same under these conditions (0.6 to 0.7 mg. KOH/g., or ap- 
' proximately 0.1 to 0.2 micromole of acid groups per m.? of surface area). 


TABLE II 
Properties of Oils (8) 
From Texas neutral oil Aue 
: Mono- Poly- ° P 
Wh Sat . . Mixed Mixed 
oil” fraction @fematics aromatics fraction fraction 
Density 0.855 0.8877 0.875 0.896 
Np? 1.4702 1.4931 1.4855 1.4920 
M, average 450 470 470 400 460 430 
Kinematic viscosity 
BtagSoC 16.85 38.6 49.2 694 57 117 
at 100°C., c.s. 6.3 6.8 198 9.6 
Monoaromatics, %m 0 None 90 30 18 20 
Polyaromatics, Yom 0 None 1.2 70 17 None 
TABLE III 
Nature of Additives 
Symbol Name te deocatbon waten 
A Basic* calcium petroleum sulfonate? ca. 400 
Cc Calcium alkyl phenate polymer (D.P. = 8) ca. 220 (per chain link) 


D Nonionic polyfunctional polymer (D.P. = 40) ca. 330 (per chain link) 


2 “Basic”? signifies that the sulfonate contains more than the stoichiometric 
amount of calcium hydroxide, partly as colloidal dispersion (identifiable by X-ray 
diffraction pattern) and perhaps partly as soluble complex. 

> Primarily alkyltetralin sulfonic acids. 


conducting path is located on the particle surface, especially the inter- 
* particle contact. 

Properties of the liquids employed are presented in Table II. Only oils 
reasonably free of surface-active impurities were chosen so as not to confuse 
interpretation of the data. 

Chemical description of the deflocculants is given in Table III. No effort 
was made to obtain pure or better defined chemical substances as defloccu- 
lants for this exploratory investigation. Their preparation is very difficult, 
and only few pure compounds of suitable molecular structure are sufficiently 
soluble in hydrocarbons. Work on such a model substance may perhaps be 
reported in the future. One serious disadvantage of mixed adsorbates is 
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their fractional adsorption and the consequent dependence of the results 
on the adsorbent/adsorbate ratio as well as on the absolute solute concen- 
tration. Extrapolation of the data presented to widely different ratios 
would depend upon knowledge of the equilibrium concentration of ad- 
sorbate in the free oil. The few such measurements carried out may be 
regarded as of only semiquantitative validity, since the composition of the 
surfactant mixture in the solution certainly differs from that adsorbed on 
the particle surface. 

These deficiencies detract substantially from the value of the experimental 
data and should be seriously considered in any future investigations. Never- 
theless, the many novel phenomena encountered are worth recording, even 
if only as a challenge. A correlation of the deflocculation data with perform- 
ance of some of the deflocculants in automotive engines has also been 
reported (2). 


EXPERIMENTAL PROCEDURE 


A stock suspension of 15% carbon black in base oil was prepared in a 
ball mill and its electrical conductivity checked at regular intervals. When- 
ever the conductivity began to decrease (owing to formation of surface- 
active oil oxidation products) the stock suspension was discarded. A solu- 
tion of surface-active agent in base oil was added so as to yield a final blend 
at the desired additive concentration containing 10 %w carbon black. The 
general relation between electrical conductivity and carbon black concen- 
tration has been described (4); a level of 10%w was chosen because the 
resulting soft gel would then not separate on standing. At room tempera- 
ture, one week generally sufficed to equilibrate the additive blend which 
was then charged to the rotating-electrode cell. Equilibration in the ap- 
paratus at the higher temperatures was checked by extended replication of 
measurements and found to be quite rapid. The electrical measuring tech- 
nique and equipment have been described elsewhere (3, 9). 


EXPERIMENTAL RESULTS 


Physical meaning may be attached to the arithmetic as well as the geo- 
metric increase in electrical resistance occasioned by the action of the 
surface-active agents. Increase in resistance is a measure of the decrease in 
steady-state concentration of continuous (and therefore conducting) par- 
ticle chains across the electrode gap. The ratio of the increase in resistance 
(caused by the deflocculant) to the resistance of the flocculated-particle 
system is proportional to the ratio of shear-induced particle collisions not 
leading to the formation of conducting chains to those that do. (See deriva- 
tion in Appendix.) Degree of deflocculation is herein expressed as (the 
logarithm of) the resistance ratio, designated pD”. The superscript indicates 
that the reference state of “complete flocculation” is the given carbon black 
suspension (at rest) in a medicinal white oil. 
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Fie. 1. Effect of Ca petroleum sulfonate (additive A) on deflocculation in satu- 
rated hydrocarbon oils at 30°C. Curve I: In white oil against acetylene black (multi- 
ply concentration scale by 10). Curve II: In saturates fraction against channel black. 


A typical plot of pD” (at a definite shear rate) against additive concen- 
tration is given in Fig. 1. As a standard procedure, actual data are ex- 
trapolated down to a shear rate of 2 sec.—! (1 r.p.m.), since control is poor 
at very low speeds. The maximum resistance (or resistance ratio) indicates 
the optimum deflocculation achievable with a given additive, and the 
corresponding concentration (Cz) is likewise a significant characteristic; 
both, of course, are a function of temperature. 

As long as there is appreciable conduction through the particle chains 
formed by even transient contact (flocculation), shearing action increases 
electrical resistance through disruption of the chains. Once all particles have 
been covered with an electrically insulating monolayer of additive, electrical 
conduction in the suspension takes place primarily by charge transfer 
through particle collisions and electrical resistance decreases with in- 
creasing rotor speed (3). (Such charge transfer by particle collision has 
previously been observed in the same rotating-electrode apparatus with 
suspensions of nonconducting silica particles (3).) This reversal in effect 
of shear is a further, very sensitive, measure of deflocculation! and, as 
indicated in Fig. 2, generally precedes the resistance maximum, if only by a 
small concentration increment. 

Typical resistance-vs.-concentration curves (with temperature as parame- 
ter) are given in Figs. 3 to 8. The peculiar maxima in certain systems result 

1 The criterion for deflocculation is that dR/dé < 0 for the entire range (1.e., 


é > 5 sec.'), not only at high shear rates; dk/dé < 0 at high values of é (> 500 
sec.-) even for flocculated systems because of extensive collisions of disrupted chain 


fragments. 
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Fic. 2. Schematic drawing indicating the effect of shear rate and additive concentra- 
tion (C) on the electrical resistance (R) of carbon black suspensions in oil. 
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Fig. 3. Effect of concentration (additive A) and temperature on deflocculation of 
acetylene black in white oil. 


from the contribution of ionic conductance of the unadsorbed additive, 
detailed in Fig. 9, which becomes important when complete surface coverage 
of the carbon particles has thoroughly suppressed electrical conduction 
through the particle chains. 

The conductance of the free additive reduces the maximum observable 
resistance of the system and thereby obscures the measurement of the 
maximum degree of deflocculation, especially of channel blacks. Fortu- 
nately, this conductivity effect is relatively small (for reasons which will be 
discussed later on). The depression of the resistance maximum may there- 
fore be insignificant and will be ignored for the present. 
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Fig. 4. Effect of concentration (additive A) and temperature on deflocculation of 
channel black in saturates fraction. The shaded areas denote ‘‘crossover’’ region. 
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Fic. 5. Effect of polymeric additive D on deflocculation of acetylene black in mixed 
California fraction. 


DISCUSSION 
a) General Phenomena 


The effect of chemical structure on deflocculation (as measured by elec- 
trical conductivity) may be better understood after consideration of the 
mechanism of conductance. Under static conditions, current flow through a 
fixed number of particle junctions depends largely on the mechanical 
history of the system. Under dynamic conditions, junctions are constantly 
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Fic. 6. Deflocculation effect of additive A in saturates fraction containing 15% mono- 
aromatic hydrocarbons with channel black. Shaded area: crossover region. 
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Fig. 7. Deflocculation effect of additive A with channel black: Set I in saturates 
fraction containing 10% polyaromatics; Set II mixed California fraction. 


broken and re-formed; current intensity is then a measure of the steady-state 
concentration of junctions leading to continuous chains across the electrode 
gap. The rate of re-formation of the junctions depends upon the possibility 
of displacement of adsorbed molecules from the surfaces of the colliding 
particles, and is therefore inversely proportional to the lifetime 7, of a 
molecule of fluid (or adsorbate) in the solid-fluid interface. If tn > 7. (the 
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Fig. 8. Deflocculation effect of additive C on channel black in white oil. The 
point Set II indicates the location of maxima for acetylene black deflocculation in 
this additive. 
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Fic. 9. Electrical conductivity of additive A solutions in motor oil stock in the 
cell used for the measurements in the carbon black system. 
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lifetime of a collision), then the probability for the incidence of a chain- 
forming collision is very small and becomes zero when tT, — ©, aS when 
the adsorbate is held by strong chemical bonds. In principle, 


Tm = 7) exp (AH,/RT) 


where 7 (the reciprocal of the thermal vibration frequency of the atom in 
the surface) ~10-" sec. and AH, is the heat of adsorption (out of solution) 
(5). 

A long lifetime in the interface is necessary for an adsorbate to cause de- 
flocculation. A few crude experiments showed that, at room temperature, 
the additive concentration in equilibrium with the layer giving maximum 
degree of deflocculation on 10 %w of carbon black in the oil is quite small, 
viz., less than 10 micromoles/kg. of oil for a calcium petroleum sulfonate.’ 
This figure is at best correct to within an order of magnitude and awaits 
confirmation by improved analytical techniques. 


b) Specificity of Interaction with Neutral and with Acidic 
Carbon-Black Surfaces 


A peculiar feature of the acidic carbon black is the low surface coverage 
(less than 70%) at which maximum deflocculation appears to be achieved. 
Since for this carbon black the N»-adsorption area is identical with the 
electron microscope area, inaccessible pores cannot be responsible for the 
result. In the presence of aromatic oil components, the surface coverage by 
the additive is particularly small owing to the well-known (10) strong ad- 
sorption of the (basic) aromatic hydrocarbons on acidic carbon black (see 
Table IV). 

Adsorption of the additives on the neutral surface of acetylene black is 
more “‘normal”’ than on the acidic channel black. The surfactant thoroughly 
displaces the oil molecules from the interface. Consequently, the low-tem- 
perature coverage is in approximate agreement with the assumption of 
dense packing of the adsorbate of known molecular structure. The adsorp- 
tion of aromatic oil components (as evident from deflocculation) is prac- 
tically negligible on acetylene black. The presence of aromatic components 
in the oil here increases the amount of additive required to maintain a 
given degree of deflocculation through the better “solubility,” i.e., reduced 
thermodynamic activity and thereby reduced driving force for adsorption 
of the additive out of solution. 


The higher concentration of additive required to deflocculate a neutral 


* Determined from spreading-pressure measurements on the supernatant liquid 
(by Dr. W. M. Sawyer). It is indicated that surface saturation (of the acidic black) 
occurs at 0.6 millimole/kg with respect to electrical deflocculation and at 1.5 
millimole/kg according to adsorption isotherm measurements where conc. is deter- 
mined by spreading pressure at the oil/water interface. 
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TABLE IV 
Relative Surface Coverage at Maximum Degree of Deflocculation at 30°C. 
Additive Oil Black 6.2 Om? 
Ae Saturates fraction Acidic 0.34 0.67 
A Saturates fraction + 1.5% monoaromatics Acidic 0.38 — 
A Saturates fraction + 15% monoaromatics Acidic 0.31 0.62 
A Saturates fraction + 1.5% polyaromatics Acidic 0.16 — 
A Saturates fraction + 10% polyaromatics Acidic 0.034 0.18 
A Mixed fraction, Texas Acidic 0.034 0.034 
A Mixed fraction, California Acidic 0.085 0.1 
Ce White oil Acidic W118) sity 
A White oil Neutral 1 
Dé White oil Neutral 1 
D White oil Acidic 0.4 


2 Based on an area per molecule of 12532, determined at the water/oil interface by 
Dr. F. M. Fowkes. 

> Fraction of surface covered, @, at crossover (where dR/dé = 0) and 6m at re- 
sistance maximum. 

¢ Based on an area per chain link of 8032, determined at the water/air interface by 
Dr. W.M. Sawyer. 

4 Based on area per chain link of 46.3 A?, determined at the water/air interface by 
Dr. M. J. Schick. 


TABLE V 
Deflocculation by Aromatic O1i Components (in Additive-Free Orls) 
bs 
P P Conc. Carbon black pD”* at 
Base oil Aromatics ev type Pe cee Fa iad 
Mixed fraction, Mixed aromatics 20 Neutral On 0% 0 
Calif. 
Mixed fraction, Mixed aromatics* 20 Acidic 1.5 0.9 0.8 
Calif. Af 
Saturates fraction, Monoaromatics? 15 Acidic Ofer Ore OLY 
Texas Be 
Saturates fraction, Polyaromatics? 10 Acidic ipa OO 
Texas 


* Degree of deflocculation relative to aromatic-free base components, 


« Indigenous mixture. ' 
’ Chromatographically separated components added to the saturates fraction from 


the same fractionation procedure. 


as compared to an acidic black, especially at high temperatures, (of. Figs. 
3 and 4) is noteworthy. Complete deflocculation of the neutral carbon black 
(in terms of the change in sign of the resistance/shear velocity relation 
mentioned above) is obtained with the nonionic polymeric additive D 
(Fig. 5) but not with most of the lower-molecular weight “detergents.” 
The effect of aromatic hydrocarbons on the deflocculating activity of the 
calcium sulfonate additive vs. acidic black can be recognized from a com- 
parison of the curves of Figs. 4, 6, and 7. Monoaromatic hydrocarbons have 
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a relatively small effect, but polyaromatic hydrocarbons severely depress 
the maximum achievable degree of deflocculation, especially at high tem- 
peratures. The molecules in the previously mentioned layer of coadsorbed 
(poly)aromatic hydrocarbon and additive apparently have a relatively 
small average lifetime in the adsorbed state. This may have less to do with 
the phenomenon of coadsorption than with the reduced activity of the 
additive in the polyaromatics as compared with the pure saturated hydro- 
carbon solution. 

A rather striking case of specific chemical interaction between additive 
and carbon black is presented in Fig. 8, showing the deflocculation of 
acidic black by the strongly alkaline calcium phenate polymer. Especially 
noteworthy here is the temperature independence of the deflocculating 
effectiveness. The neutral black, by contrast, is deflocculated only very 
slightly by this additive, even at very high concentration. 


c) Multilayer Adsorption 


The maxima in the resistance-vs.-additive concentration curves appear- 
ing in most deflocculation measurements discussed above permit an ap- 
proximate estimate of the amount of additive that is immobilized by 
adhesion to the fully deflocculated carbon-black particles. Nearly all the 
conductivity of the system, at moderate electrode speeds, is then derived 
from the ionic conductivity of the additive solution. If it is assumed that 
partial adsorption of the additive causes no fractionation by conductivity, 
then it becomes possible to estimate the amount of free additive in the 
solution by comparison of the observed conductivity beyond the maximum 
with a calibration curve of carbon-free blend conductivity-vs.-additive 
concentration (Fig. 9). The origin of the additive conductance is obscure 
at present. 

The results of such a calculation may be summarized as follows. In oils 
containing fairly large concentrations of aromatic hydrocarbons, the ob- 
served excess conductivity is very nearly that predicted from the excess of 
additive over the amount adsorbed on the black. However, in oils contain- 
ing no aromatics or only small amounts of monoaromatic hydrocarbons, the 
conductivity calculated on the basis of estimated unadsorbed additive is 
5 to 50 times as great as the observed value. 

The most obvious explanation, and one that seems irrefutable in spite of 
its mental inconvenience, is that many layers of adsorbate are being de- 
posited at concentrations in excess of Cy (defined earlier). In agreement 
with previous observations in this laboratory (1), multilayer deposition is 
here also associated with the incidence of micelle formation. The maximum 
in the pD”-vs.-temperature curve may also be the result of this competitive 
adsorption process. 


In the case of polymers, the positive temperature coefficient of pD” may 
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be ascribed to the thermally induced dangling of long loops of partially 
attached chains, which very effectively prevent the mutual approach of 
carbon particles (7). The theory of polymer adsorption predicts that the 
loops between surface anchor points should become larger with increasing 
temperature (6). When a temperature is reached where most of the chain 
dangles off the surface and leaves it barren much of the time, the degree of 
deflocculation must decrease rapidly with further increases in temperature, 
as is indeed observed. It is noteworthy that very strongly adsorbed poly- 
mers. displace oil molecules (including aromatics) more effectively from 
carbon-black surfaces than do low-molecular weight dispersants. 

A detailed interpretation of these exploratory data in terms of relations 
between adsorption lifetime of the adsorbates, the molecular structure, 
temperature, etc. would be tempting but should await better understand- 
ing and control of the measurement itself. 


SUMMARY 


Exploratory electrical conductivity experiments on the deflocculation of 
neutral and acidic carbon blacks in hydrocarbon solvents have demon- 
strated the importance of specifying the nature of the surface of a suspensoid 
in dispersion tests. 

All the additives examined in aromatic-free solvent deflocculated acidic 
carbon black more effectively than neutral carbon black. 

The composition of the hydrocarbon solvent had a far greater effect on 
deflocculation of acidic than of neutral black, presumably because the 
intrinsically basic aromatics were strongly adsorbed by acidic surfaces. 

Multilayer adsorption of a few conventional deflocculants out of essen- 
tially paraffinic oils has been indicated. The dispersant performance of a 
strongly adsorbed polymeric deflocculant may be explained in terms of 
partial detachment in the form of chain loops that “dangle” from the 
interface into the oil. 

The chemical reasons for the observed effects may now be understood in 
a qualitative manner, but detailed quantitative explanations will require 
more refined experimental techniques. 


APPENDIX 
Derivation of an Expression for the Degree of Deflocculation 
Assumptions: 
1. The total number of collisions VN. = N. + Ni, where N., N; are the 


collisions which are effective and ineffective, respectively, in bringing 


about the formation of conducting particle chains. tad 
2. The electrical current « N. = N. —N,; (the dot indicating the time 


derivative). 
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Hence, (i(f) — i(d)) « (Nid) — N.(f)), where (f), (d) refer to the floccu- 
lated and the deflocculated system. Now, in the cases of interest, N:(d) > 


N.(f), or (é(f) — i(d@)) « Ni(d), and 
i(f) — i@) _ N«@) 
i(d) N.(d)" 
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LETTER TO THE EpiIToR 


HENRY’S LAW CONSTANTS OF BUTADIENE IN AQUEOUS 
SOLUTIONS OF A CATIONIC SURFACTANT 


The solubilization of organic vapors by aqueous solutions of surfactants 
has been studied by McBain and co-workers (1-3). Although results for a 
large number of cationic, anionic, and nonionic surfactants have been re- 
ported, no single agent has been investigated sufficiently to obtain the 
variation of the Henry’s law constant for the solubility of the gas as a 
function of the concentration of the surfactant. We report herein the 
Henry’s law constants for butadiene in water and in aqueous solutions of 
a cationic surfactant, Hyamine 1622, at 25.0°C. 

The materials used were: Matheson Company’s C.P. grade, 99.0% pure, 
1 ,3-butadiene, freed from traces of air by freezing and pumping at liquid 
nitrogen temperature; Hyamine 1622 (Rohm and Haas Co.), 98.8 % p-diiso- 
butylphenoxyethoxyethyldimethy!-benzylammonium chloride monohy- 
drate. 

The apparatus used was essentially a volumetric adsorption system with 
a mercury manometer, which was read to the nearest 0.05 mm. by means 
of a cathetometer. The amount of gas solubilized was calculated from 
pressure measurements before and after admitting gas to the solution, the 
necessary corrections being made for the presence of water vapor and 
changes in total volume of the system. The temperature of the solution 
was kept constant by circulating water from a thermostat at 25°C. through 
the jacketed sample holder. The solution was stirred with a magnetic 
stirrer, to reach equilibrium sooner. 

The isotherms for pure water and for three concentrations of Hyamine 
1622 are given in Fig. 1. In each solution the solubility of butadiene in- 
creased linearly with the equilibrium pressure. Henry’s law constants 
from these data are as follows: 

Concentration of surfactant (wt. %): 0.00 1.00 2.00 4.00 
k X 10-* in mm./mole gas/mole soln.: 2.96 2.04 1.62 1.24 

The Henry’s law constant of butadiene in pure water compares favorably 
with the value of 2.72 X 10° mm./mole gas/mole soln., which can be calcu- 
lated from the data reported by McBain and O’Connor (1). 

The regular decrease of the Henry’s law constant is found to be linear 
with the logarithm of the surfactant concentration, as shown in Fig. 2. 
Extrapolating the experimental straight line to the concentration of sur- 
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Mole fraction X 10° of butadiene 


Pressure in mm. 


Fra. 1. Mole fraction of butadiene dissolved in pure water and in solutions of 
Hyamine 1622 as a function of the equilibrium partial pressure of butadiene. 


Concn. of Hyamine 1622 (%) 


Henry’s law constant 10-8 


Fie. 2. Variation of the Henry’s law constant for the solubility of butadiene in 
aqueous solutions of Hyamine 1622 with the concentration of the solution. 
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factant corresponding to a Henry’s law constant of 2.96 X 10° would 
presumably yield a minimum concentration of surfactant below which no 
solubilization occurs. In terms of present-day theory, solubilization results 
from the presence of association micelles in solution; the existence of a 
minimum concentration below which solubilization does not occur is evi- 
dence of a critical micelle concentration. The value for the minimum con- 
centration obtained from Fig. 2 is 0.19% Hyamine 1622. The critical 
micelle concentration of Hyamine 1622 as determined by conductivity 
measurements by T. H. Bramfitt in this laboratory, is 0.16%. The role of 
micelles in solubilization is thus unequivocally shown. 
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BOOK REVIEWS 


Annals of Physics, Edited by Puitirp M. Morse. Academic Press Inc., New York 
3, N. Y. Published monthly. 

“Why another Journal?” is a natural question. We quote from the statement of 
purpose: 

“The rapid increase in the level of activity in physics in the past decade has led 
to correspondingly rapid development in many fields, together with an almost ex- 
plosive increase in publication. A natural consequence is that no single journal in 
physics can possibly satisfy the needs of all readers, which range from general interest 
to those of the specialist. 

“The Annals of Physics is intended to provide a medium for original work of 
broad significance, in which the author will be able to give attention to clarity and 
intelligibility, so that his paper may be read by the widest possible audience. Oppor- 
tunities for presentations of this kind are rather limited today.” 

No one will quarrel with these statements, and a journal under such distinguished 
editorship, having an editorial council of the following eminent scientists: 


E. Amaldi E. M. MeMillan iS Te Rabi 

R. F. Bacher L. Nordheim F. Seitz 

H. A. Bethe J. R. Oppenheimer E. P. Wigner 
S. Chandrasekhar R. E. Peierls C. Zener 


augurs well for the future. 

What should interest scientists in the United States is that an independent pub- 
lisher without support from any technical society can publish a monthly Journal of 
excellent format without imposing a charge of $25.00 per page on authors or their 
sponsors. It can be done! 

Vicror K. La Mer, New York, New York 


Mechanica Aerosolej (Mechanics of Aerosols). By N. A. Fucus. Academy of 
Science of the U.S.8S.R., Moscow, 1955. 351 pp. Price 19 roubles. 

The increasing use of aerosols in industry and medicine and the growing impor- 
tance of aerosol research for solution of a number of problems in meteorology, air 
pollution (smog), warfare (artificial fogs, fallout particles), account for a steady 
increase in the rate of publications in this field, especially during the last decade. 
Many hundreds of articles about aerosols are scattered in a number of periodicals. 
Because of the special methods of investigation applied in this field and the large 
amount of information available, it is now possible to speak of an aerosol science, a 
new branch of science, which is distinctly different from colloid science, although 
there is a close relation between them. 

To our knowledge, the book under review is the first successful attempt to syste- 
matize our knowledge about mechanical behavior of aerosol particles. 

As the author states in the Preface, the term “mechanics of aerosols’’ is here 
introduced for the first time. Mechanics of aerosols, according to him, is ‘‘the study 
of motion of aerosol particles, of their precipitation and coagulation ...’’ as well 
as the study of related problems “about phenomena which take place by contact 
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between aerosol particles and particles and macroscopic bodies . . . and transfer of 
powders into aerosols.’’ 

In Chapter 1, the author classifies aerosols and discusses their shape, size, and 
size iscabaiioas and then, in accordance with this definition, in following chapien 
goes over to a systematic investigation of the motion of ereeols under the influence 
of different forces. Chapter 2 is devoted to the study of uniform rectilinear motion 
of aerosol particles. Stokes’ law is introduced and its applicability in different size 
regions is discussed. The motion of spherical and nonspherical particles is investi- 
gated. The motion of aerosol particles in gravitational, electrical, and thermal field 
is described. In Chapter 3 nonuniform rectilinear motion of aerosol particles is 
treated. This includes the motion characterized by big and small Reynolds’ numbers, 
the behavior of aerosol particles under action of sound waves, hydrodynamical inter- 
action between particles, and electrostatic dissipation of aerosols. Chapter 4 is 
devoted to curvilinear motions of aerosol particles. Such topics are under discussion 
as gravitational and electrical precipitation of aerosols from a laminar flow, precipi- 
tation of aerosol particles in a centrifuge, principle of conifuge and eyelont and 
inertial precipitation of aerosol on bodies of different form. Chapters 5 and 6 deal 
with Brownian motion and diffusions in aerosols under conditions of laminar flow, 
turbulent flow, and convection. Among topics discussed are the precipitation of 
aerosol particles in the respiratory tract and the filtration of aerosols through fibrous 
media. The subject of Chapter 7 is the coagulation of aerosols. The author discusses 
separately thermal and gravitational coagulation as well as coagulation of aerosols 
in an electric field and under influence of ultrasonic vibrations. The coagulation of 
aerosols in a turbulent flow and the effectiveness of collisions of aerosol particles are 
described in this chapter. The last chapter (Chapter 8) deals with transfer of powder- 
like bodies into the aerosol state. 

The bibliography at the end of the book contains 581 entries. The references 
are taken from Russian, Anglo American (about 40%), German, and French sources. 

V. Drozin, Lewisburg, Pennsylvania 


“Light Scattering by Colloidal Systems. An Annotated Bibliography.’”’ By Myrr 
M. Frsuman. Published by Technical Service Laboratories, River Edge, New Jersey, 
January, 1957. 84 pp. Price $2.25. : 

This is a comprehensive guide covering all aspects of light scattering literature 
from recognition and inception in 1869 through 1956. 

There are 850 abstracted references, and the contributions of 750 authors are in- 


dexed. 
Vicror K. La Mer, New York, New York 


Name Reactions 
in Organic Chemistry 


By ALEXANDER R. SURREY 
Sterling-Winthrop Research Institute, Rensselaer, New York 
1954, 192 pp., illus., $5.00 


IN THE LITERATURE of organic chemistry there is a time-honored custom of desig- 
nating many reactions by the names of the chemists who discovered or developed 
them. These ‘name reactions” constitute a considerable portion of the tools avail- 
able to the organic chemist. Since their discovery these reactions have been applied 
in organic syntheses in varying degrees, and many have been modified. New proce- 
dures, reaction conditions, solvents, and condensing agents all have contributed to 
their development and improvement. In addition, investigations of mechanisms 
have led to a better understanding of many of them. As a result, the organic chemist 
today has at his disposal tools that have been sharpened and polished. It seemed 
worth while, therefore, to assemble these reactions and make them available to the 
chemist in their present state. The general plan was to present a description of each 
reaction, its scope, applicability, and limitations, and to bring it up to date in re- 
gard to any new developments. 


REVIEWS: 
“This book is a ‘must’ for the student of synthetic organic chemistry, and is highly 
recommended to the inquisitive chemist in need of knowledge.” 

—The Capital Chemist 


“Der Text ist leicht fasslich, lebendig und klar geschrieben, durch zahlreiche For- 
meln illustriert und mit Hinweisen auf Originalliteratur und zusammenfassende 
Artikel versehen. . . . Das Buch diirfte sich vor allem fiir den Unterricht bewdhren; 
dartiber hinaus kann es im Rahmen seines begrenzten Umfanges (‘name reactions’ 
aus der analytischen, theoretischen und technischen organischen Chemie wurden 
nicht berticksichtigt) auch als Nachschlagewerk fiir chemische Bibliotheken sehr 
empfohlen werden.” 

—Chimia 
“The biographical notes give a short account of the life, background and contri- 
butions of the various chemists and the inclusion of these sketches is a particularly 
attractive feature of the present volume.” 


—Current Science 
“The text should be helpful to the graduate student preparing for preliminary 
examinations in that it provides him with concise discussions of a large number of 
organic reactions with which he should be familiar. ... The up-to-date references | 


provide useful leads to the chemist wishing to keep abreast of developments involy- 
ing the name reactions discussed in the text.” 


—Journal of the American Chemical Society 
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ABSTRACT 


Several inorganic macromolecular systems and ionic surface-active agents have 
been studied in relation to the effect of the surface-active agents on the stability of 
colloidal suspensions of the inorganic substances, as well as the effect of the inorganic 
macromolecules on the critical concentration (CMC) of the surface-active agents. 

Tron (IID) oxide, aluminum oxide, manganese (IV) oxide, and arsenic (III) sulfide 
comprised the inorganic systems. Potassium salts of a series of fatty acids, alkyl 
sodium sulfates, alkyl amine hydrochlorides, and alkyl pyridinium chlorides were 
used as the colloidal electrolytes. 

The stability of the colloidal suspensions in the presence of the surface-active 
agents varied inversely with the chain length of the surfactant, in the cases where 
the surface-active ion possessed a charge opposite in sign to that of the colloidal 
particle. In such systems the minimum concentration required to cause complete 
flocculation decreased sharply with increase in chain length of the surfactant. At 
higher concentrations of the surfactants a restabilization of the inorganic systems 
was observed owing to recharging of the colloidal particles. Logarithmic plots of 
chain length versus flocculation values approached straight lines as the concentration 
of the sols decreased. When the surface-active ion had the same sign of charge as the 
colloid, flocculation occurred only at high concentrations and was independent of 
chain length. The flocculation value was the same for all members of a homologous 
series in the latter case. 

The critical concentration of the anionic surfactants were found to be higher in 
iron (III) oxide sols than in water, the difference in CMC values being attributed 
to adsorption of the surfactant by the iron (III) oxide. In a similar manner, man- 
ganese (IV) oxide increased the critical concentration of dodecylamine hydrochloride. 
The critical concentrations of the surface-active ions were unaltered in the presence 


of colloid particles of the same sign. 


1 This work was supported by a grant from the Office of Naval Research. The paper 
is abstracted from a thesis submitted by Harold O. Strange to the faculty of the 
Graduate School of the University of Pennsylvania in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

Presented before the Symposium on Adsorption from Solution, Division of Colloid 
Chemistry, at the 131st Meeting of the American Chemical Society, Miami, Florida, 
April, 1957. 
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INTRODUCTION 


Low concentrations of ionic surface-active agents flocculate colloidal 
systems when their active ion has a charge opposite to that of the colloidal 
particles (1-3). In several cases recharging and restabilization of the col- 
loidal systems has been indicated (4-6). 

In the recharged form colloidal systems are stable over a much wider 
concentration range of electrolyte, e.g., 10° times as great (7), than when 
they have their original sign of charge. It has been suggested that the 
interference with coagulation caused by the presence of small amounts of 
detergents in water may be traceable to this course (8). 

The surface-active agents employed in the present study are 1-1 electro- 
lytes. In dilute solutions these electrolytes are known to dissociate into 
simple ions, but at higher concentrations they associate into polyvalent 
micelles. Their pronounced coagulating action at low concentration is 
much greater than found with most nonassociating monovalent ions and 
is more nearly like that of polyvalent ions or micelles. 

The present report describes a detailed study of the effect of chain length 
in homologous series of colloidal electrolytes on the stability of suspensions 
of inorganic colloidal systems. A further object was to study the effect of 
the inorganic particles on the critical concentrations of the surface-active 
agents. No quantitative measurements of the effect of charged colloidal 
particle on the critical concentrations of association colloids have been 
found in the literature. 


MATERIALS 


The inorganic colloidal suspensions were prepared by well-known meth- 
ods: iron (III) oxide by high-temperature hydrolysis of iron (III) chloride 
solution (9); aluminum oxide by peptization of aluminum hydroxide with 
dilute hydrochloric acid (10); manganese (IV) oxide by reduction of potas- 
sium permanganate solution with hydrogen peroxide (11); arsenic (III) 
sulfide by bubbling hydrogen sulfide gas through a solution of arsenic 
(IIT) oxide until the reaction was complete (12). The arsenic (III) sulfide 
sol was washed free of hydrogen sulfide by bubbling hydrogen through it. 
Washing was considered complete when the effusing stream of gas gave 
no test with moistened lead acetate paper. The other colloidal systems were 


TABLE I 
Inorganic Colloidal Systems 
Concentration pH 
Tron (III) oxide 6.38 g. FeO; per liter 5.10 
Aluminum oxide 1.62 g. Al,O; per liter 5.70 
Manganese (IV) oxide 0.61 g. MnO: per liter 6.10 


Arsenic (III) sulfide 0.83 g. As; per liter 
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TABLE II 
Ionic Surface-Active Agents 
Anion active compounds Cation active compounds 
Potassium octanoate n-Octyl amine hydrochloride 
Potassium nonanoate n-Decyl] amine hydrochloride 
Potassium decanoate n-Dodecyl amine hydrochloride 
Potassium undecanoate n-Tetradecyl amine hydrochloride 
Potassium dodecanoate n-Hexadecyl amine hydrochloride 
Potassium tridecanoate 
Potassium tetradecanoate n-Octyl pyridinium chloride 
Sodium decyl sulfate n-Decyl pyridinium chloride 
Sodium dodecyl] sulfate n-Dodecyl pyridinium chloride 
Sodium tetradecyl sulfate n-Tetradecyl pyridinium chloride 
Sodium hexadecyl] sulfate n-Hexadecyl pyridinium chloride 


dialyzed batchwise with Visking casing. Data on the purified systems are 
given in Table I. Systems of smaller concentrations were prepared when 
needed, by dilution with distilled water. The surface-active agents em- 
ployed in the work are listed in Table II. 

The potassium soaps of the straight-chain fatty acids were prepared by 
neutralization of alcoholic solutions of the acids with alcoholic potassium 
hydroxide (13). The salts were recrystallized from ethanol-acetone mix- 
tures and the crystals dried at 100°C. The acids used in the preparations 
were obtained from Distillation Product Industries and were the purest 
grade available. 

The sodium alkyl sulfates were prepared from the corresponding alcohols 
by sulfation. The alcohols were obtained from Distillation Product Indus- 
tries and were used as received. Chlorosulfonic acid (14) was employed in 
the preparation of the normal decyl and dodecyl sulfates while concen- 
trated sulfuric acid was employed in the preparation of the normal tetra- 
decyl and hexadecyl sulfates (15). The corresponding sodium salts were 
prepared by the neutralization of the acids obtained in this way. The salts 
were recrystallized from an ethanol-acetone solvent, and dried at 100°C. 

The alkyl amine hydrochlorides were prepared by passing anhydrous 
hydrogen chloride gas into ether solutions of the amines (16). Recrystalli- 
zation was carried out from an acetone-ether solvent, and the crystals were 
dried at 75°C. under vacuum. The amines were obtained from Distillation 
Product Industries and Mathieson, Coleman and Bell Co., and were used 
as received. f 

The alkyl pyridinium chlorides were prepared by refluxing the alkyl 
chlorides with an excess of pyridine for 5 to 8 hours (17). The salts were 
recrystallized from acetone-ether mixtures and dried in vacuum. The 
alkyl chlorides were obtained from Distillation Product Industries and 


were used as received. 
The purity of all the preparations of surface-active agents was deter- 
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mined by measurement of the equivalent conductivity of their solutions. 
Purification was considered complete when no change was observed in the 
equivalent conductivity after successive crystallizations. 


EXPERIMENTAL 


The effect of the surface-active agents on the stability of the inorganic 
colloidal suspensions was estimated by determining the minimum concen- 
tration of electrolyte required to produce flocculation at given intervals of 
time. Details of the procedure employed have been described previously 
(18). In the present case observations of the degree of flocculation were 
made 15 minutes, 2 hours, and 20 hours after mixing. At the end of the 
20-hour period, each system was centrifuged at 540 g for 5 minutes and 
the degree of flocculation determined by observation of the optical density 
of the systems. The flocculation values (F.V.) given in the section on re- 
sults correspond to the minimum number of millimoles of electrolyte per 
liter of systems, required to produce complete flocculation in 20 hours. 

The critical concentrations of all surface-active agents used in the pres- 
ent work were determined by measuring the equivalent conductivity of 
their solutions and noting the break in the conductance-square root of 
molarity curve. The conductance measurements were made with an Indus- 
trial Instruments Co. type RC 1B conductivity bridge. The instrument 
employed a 1000 c.p.s. 3-volt oscillator and a Wheatstone bridge-type 
circuit. The results are given in Table ITI. 

Except for the lowest member of the homologous series of potassium 
soaps (KC,), our results with the anionic surfactants are in good agree- 
ment with those of other investigators. Conductivity data in the literature 
for cationic surfactants are meager and discordant. The literature results 
on long-chain pyridinium salts (19) appear to be less reliable than ours. 
Our results agree with the equation proposed by Goette (20) and Klevens 
(21), where A is a constant depending on the temperature and the homolo- 


TABLE III 

CMC Values of Surface-Active Agents and Their Logarithms 

Anionic surfactant Cationic surfactant 
Compound CMC Temp. Compound CMC Temp. 
(Cee) (eR) 
KCio 0.0475 M 29° CsNH;Cl 0.0850 M 25° 
KCn 0.0875 29° CioNH;3Cl 0.0250 225 
KCin 0.0250 29° Ci2NH;Cl 0.0145 24° 
KC; 0.0188 29° C,,NH;Cl 0.0105 25° 

KC 0.0075 30° 

C,SO,Na 0.0164 30 CyopyCl 0.0350 25° 
Ci28O.Na 0.0072 32° CypyCl 0.0220 24° 


CySOwNa 0.0020 28° CupyCl 0.0140 Py” 
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gous series, B is a general constant, and N is the number of carbon atoms 
in the hydrocarbon chain. 


log (CMC) = A + BN. 


RESULTS AND Discussion 


The flocculation values decreased sharply with increase in chain length 
of the ion of opposite charge to that of the colloid particle. Dilution of the 
inorganic colloid markedly decreased the flocculation values of the longer 
chain ions. This behavior is characteristic of strongly adsorbable ions (22). 
Data for two different concentrations of iron (III) oxide with anionic de- 
tergents are given in Fig. 1. Figure 2 contains data for two concentra- 
tions of manganese (IV) oxide with cationic detergents. It may be noted 
in both figures that the plots of logarithms of the flocculation values 
against chain length approach straight lines with the more dilute sols. 


Restabilization 


Concentrations of the surfactants required for restabilization of the 
inorganic colloids were much greater for the short-chain ions than for the 


NUMBER OF CARBON ATOMS 
ny 


16 14 12 10 08 06 04 02 O 2 
(-) LOG. FV. (+) 


Fig. 1. Relationship of number of carbon atoms of anionic surface-active agents 
and the logarithm of their flocculation values with colloidal iron (III) oxide sols: 
I. FeO; (2.55 g./l.) with potassium salts of fatty acids (RCOOK). 
II. FeO; (0.065 g./l.) with RCOOK. 
Il. Fe,0, (2.55 g./l.) with sodium alkyl sulfates (ROSO;Na). 


IV. Fe.O; (0.065 g./l.) with ROSO;Na. 
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Fia. 2. Relationship of number of carbon atoms of cationic surface-active agents 
and the logarithms of their flocculation values with colloidal manganese (IV) oxide: 
T. MnO, (0.25 g./l.) with alkyl amine hydrochlorides (RNH;Cl). 
II. MnO, (0.04 g./l.) with RNH;Cl. 
III. MnO, (0.25 g./l.) with alkyl pyridinium chlorides (RpyCl). 
IV. MnO, (0.04 g./l.) with RpyCl. 


ions of longer chain length. With the shorter chains, concentrations of the 
order of 100 times that corresponding to the flocculation values were 
required, whereas with the longer chain ions stability was induced at con- 
centrations less than ten times the flocculation values. 

The glass electrode was used to determine the pH of the anionic surface- 
active agents. Measurements were made on both the flocculated and the 
recharged systems in order to determine the possible effect of the hydroxyl 
ion, originating from the hydrolysis of the long-chain soap ions, on the 
results. Comparisons were made, also, with systems in which potassium 
hydroxide was employed as the only electrolyte. As a result of the pH 
studies it was concluded that flocculation and recharging in these systems 
was due to the long-chain anions themselves and not to the hydroxyl ions. 
Indeed, the sodium alkyl sulfates which do not hydrolyze showed a similar 


relationship to the soaps, which did undergo slight hydrolysis, with respect 
to chain length of the alkyl group. 


Effect of Inorganic Colloids on CMC 


In order to throw light on the nature of the interaction of iron oxide 
with anionic surface-active agents, the critical concentrations of several of 
the latter were determined in presence of increasing amounts of colloidal 
iron oxide. The procedure in this case, also, consisted of determining the 
break in the conductance-concentration curve of the colloidal electrolyte. 
Since the amount of inorganic colloid was held constant in any given deter- 
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Fia. 3. Critical concentrations of anionic surface-active agents in the presence of 
varying amounts of colloidal iron (III) oxide: 
I. Potassium dodecanoate. 
II. Sodium dodecyl] sulfate. 


mination, it did not interfere with the conductance plot. In passing it may 
be noted that the conductance of the inorganic colloid was low, relatively. 

The critical concentrations were increased in direct proportion to the 
amount of iron oxide in the system. The results with potassium dodecano- 
ate and sodium dodecyl sulfate are given in Fig. 3. That this behavior is a 
general one is attested by the fact that an entirely different iron oxide 
preparation, Merck’s ‘Iron Oxide Dialyzed,” gave similar results with 
several anionic surface agents. These results are given in Table IV. In a 
similar manner, 1.125 g. of manganese (IV) oxide, a negative sol, increased 
the CMC of n-dodecyl amine hydrochloride, a cationic surface-active agent 
by 0.004 mole per liter. In all the above cases the colloids had a charge 
opposite to that of the surface-active ion and adsorption was expected. In 
one case, the CMC of a surface-active agent was determined in the pres- 
ence of a colloid possessing a charge similar to that of the detergent ions: 
sodium lauryl sulfate in the presence of manganese (IV) oxide. The CMC 
was not raised by the presence of the colloid in this case. 

Our data suggest, but do not prove, that colloidal particles may serve 
as nuclei for the formation of polyvalent micelles from oppositely charged 
monovalent surface-active ions. As an illustration, 2.5 g. of colloidal iron 
oxide raised the CMC of sodium dodecyl sulfate by 0.002 mole per liter 
(for the system reported in Fig. 3). It may be estimated that this amount 


536 HAZEL AND STRANGE 


TABLE IV 


Critical Concentrations (Molar) of Anionic Surface-Active Agents in the Presence of 
Varying Amounts of Merck Iron Oxide Sol 


Fe203 KCu KCi2 KCis CioSOsNa C12SO.Na 
(g./liter) 
0 0.0375 0.0250 0.01388 0.0164 0.0072 
0.50 0.0425 0.0275 0.0164 0.0170 0.008 
1.00 — 0.0300 = == 0.009 
1.50 0.0522 0.0325 0.0188 0.0202 0.0100 
2.50 — 0.0350 = ae 0.0120 
TABLE V 


Change in CMC of Anionic Surface-Active Agents in the Presence of a Constant Amount 
of Colloidal Iron Oxide 


Change in CMC 
moles per liter 


KCu 0.0147 
KC, 0.0075 
KC; 0.005 
Ci.SOuNa 0.0088 
C,SO.Na 0.003 


of sodium dodecyl! sulfate in the form of a condensed monolayer would 
occupy an area of 24 X 10° cm.’ (assigning an area of 20 sq. A. to each 
molecule). Two and one-half grams of iron oxide in the form of spheres 
2 X 10-* em. in radius may be estimated to have a surface area of 7.5 X 
10° em.2 This would correspond to an adsorbed layer of detergent mole- 
cules three chain lengths in thickness. The actual particle size of the iron 
oxide is unknown. If the radius was 2 X 1077 em. instead of 10 times this 
value, the area of the particles would be 7.5 X 10° cm.? and one-third of 
the surface would be covered with adsorbed ions. 

As an alternative calculation the average radius of the iron oxide of 
density 5.2 g./cm.* in the form of spheres may be expressed as 1.5 cm.3/ra~ 
dius (cm.). From the above estimate of the area of the surfactant mono- 
layer (24 X 10° cm.) together with the assumption that the surfactant 
forms a monolayer on the surface of the iron oxide particles, a value of 
6.2 X 107 cm. is obtained for the radius of the particles. 

The increases in critical concentration of the surface-active agents listed 
in Table IV are summarized in Table V. The values given correspond to 
the increase in CMC produced by 1.5 g. of iron oxide (Merck Iron Oxide 
Sol). If these increases are taken as a measure of the adsorption capacity 
of iron oxide for the ions, it follows that the adsorption capacity is smaller 
for the longer chain length soap ions and is larger for the soaps than for 
the sulfates of equal chain length. This suggests that the long-chain com- 
pounds occupy a larger space on the particle surface and that the sulfates 
occupy a larger surface than the soaps. 
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ABSTRACT 


The apparent viscosity of dispersions of rubber hydrochloride in plasticizers is 
considerably influenced by amines and by oxidation or methylation of the surface of 
the particles. Pastes of polyvinyl chloride behave similarly. 

The experimental results can be explained by assuming that carboxyl groups are 
bound to surface polymer molecules of the rubber hydrochloride particles. The num- 
ber of these carboxyl groups is increased by an oxidation of the original latex with 
oxygen. The mechanical stability of the latex increases simultaneously. 

Indications have been found that the attraction between the particles is at least 
partly of a more specific character than long-range London-van der Waals’ forces. 


INTRODUCTION 


The colloid-chemical properties of natural rubber latex are influenced by 
many factors, such as the pH, the concentration of surface-active agents, 
and the presence of ions of different kinds. Many of these factors have been 
studied intensively. 

However, it has usually been assumed that the surface of the rubber 
particles consists of plain hydrocarbon. Up to now it has been impossible 
to investigate the properties of the surface free from adsorbed soaps and 
proteins, for the removal of these surface-active agents results in a coagula- 
tion of the latex. But the latex particles can be obtained in a hard and 
nontacky form by hydrochlorination and crystallization according to the 
methods of van Veersen (1) and the author (2). The various surface-active 
agents can then be removed by filtering, washing, and extraction with 
organic solvents, without the loss of the surface by coagulation of the 
particles. 

The reactions of most organic chemical groups with hydrochloric acid 
are fairly well known and, though the original properties of the surface may 
be modified to some extent by the hydrochlorination, an investigation of 
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the surface of rubber hydrochloride may give useful information regarding 
the properties of the original surface of the rubber particles. 

A suitable method for studying the nature of the surfaces of various 
rubber hydrochlorides would be to investigate the rheological properties 
of concentrated dispersions in organic media. Dispersions in plasticizers 
were selected, in the first place, because the experimental work is then not 
complicated by the volatility of the solvents, and secondly, because these 
dispersions in plasticizers are of some technical interest, since they can be 
used for the preparation of monofilaments from rubber hydrochloride (3). 

The use of dispersions of polymers in organic media for investigating the 
colloid-chemical properties of dispersions in oils has the advantage that the 
surface of these particles can be modified by organic chemical methods. 
This was often done during the investigation, both with rubber hydro- 
chloride and polyvinyl chloride. The surface was cleaned by washing and 
extraction with various solvents, it was modified by oxidation, methylation, 
and reactions with several amines, especially triethanol amine, as will be 
shown in the following sections. 

The investigation of the rheological properties of these resins dispersed 
in plasticizers has shown that the surface of latex particles is not plain 
hydrocarbon, but that its properties and chemical composition depend on 
the type of the latex and on the way in which the latex has been treated and 
stored prior to hydrochlorination. 


EXPERIMENTAL MertTHops 
1. Preparation of Rubber Hydrochloride 


Ammoniated latex with a dry rubber content of about 60% is stabilized with 1.05 
g. Emulphor 0 per 100 g. latex. Emulphor 0 is a nonionic emulsifier, a condensation 
product of ethylene oxide and oleyl alcohol. The latex is mixed with half its volume 
concentrated (36%) hydrochloric acid. Hydrogen chloride is then passed through for 
about 40 hours until the maximum chlorine content is reached (approx. 32-33% Cl). 
The temperature is kept at or below 20°C. during all these manipulations. 

All experiments described in this paper have been done with products having this 
maximum chlorine content. 

The hydrochlorination can be followed closely by means of a rapid determination 
of the density of the particles (4). 

The rubber hydrochloride is then crystallized by heating the latex at 75°C. for 30 
minutes. The heating should be done gradually in order to avoid excessive foaming 
by escaping hydrogen chloride. The latex is then cooled to 60°C. and precipitated by 
pouring it into water at 60°C. For 100 g. ammoniated latex 2,000 ml. water were used. 

The rubber hydrochloride is filtered, washed with distilled water until free from 
hydrochloric acid, and dried in air at 50°C. : 

If all manipulations are carried out properly, the latex particles preserve their 
individuality and a white powder is obtained with a bulkiness of approximately 2.3 
ml./g. However, very bulky products may be obtained under certain conditions. 
For example, if the crystallization prior to coagulation is omitted, the particles will 
agglomerate to irregular structures during precipitation and a bulkiness up to ap- 
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proximately 5 ml./g. may be observed. These agglomerates cannot be redispersed 
afterwards and very stiff pastes are obtained which are unsuitable for our investi- 


gation (see Section 9). 


2. Extraction of Rubber Hydrochloride 


One hundred grams dry rubber hydrochloride and 200 mi. ethanol are milled for 
24 hours in a laboratory ball mill. The rubber hydrochloride is filtered and extracted 
for 8 hours in a Soxhlet apparatus with ethanol. The ethanol is replaced by ether and 
the extraction is continued for 8 hours. The rubber hydrochloride is then dried at 


50°C. 
3. Oxidation of Rubber Hydrochloride 


One hundred grams rubber hydrochloride are dispersed in a solution of 20 g. 
potassium dichromate and 20 g. concentrated sulfuric acid in 200 ml. water in a 
laboratory ball mill for 8 hours at room temperature, but sometimes a shorter reac- 
tion time was used. The polymer is then filtered, washed with distilled water until 
free from acid, and dried at 50°C. in air. 


4. Methylation of Rubber Hydrochloride and Polyvinyl Chloride 


Methylation of the carboxyl group (according to the formula: R COOH 
+ CH,N2.— R COOCH; + Ne) is done by adding a solution of 4 g. diazomethane in 
25 g. ether to 100 g. extracted rubber hydrochloride dispersed in 200 g. ether. The 
mixture is kept at 10°C. for 2 hours. The polymer is then filtered, washed with ether, 
and dried at 50°C. in air. The methylation of P.V.C. is done in the same manner. 


5, Addition of Extracted Impurities or Fatty Acids to Methylated Rubber 
Hydrochloride 


The extracts of 100 g. rubber hydrochloride in alcohol and ether, obtained as 
described above, are evaporated and the residue is dissolved in 200 g. ether. This 
solution is added to 100 g. extracted and methylated rubber hydrochloride and mixed 
in a laboratory ball mill for 4 hours. 

The ether is then evaporated. The same experiment was done with a solution of 
1.25 g. oleic acid and 1.25 g. stearic acid in 200 g. ether. The methylated rubber hy- 
drochloride particles are thus coated with the extracted impurities or with fatty 
acids. 


6. Oxidation of Polyvinyl Chloride 


A dispersion is made of 100 g. polyvinyl chloride (Solvic 334, I.C.1.) in a solution 
of 0.5 g. Emulphor 0 in 100 g. water. A solution of 100 g. KOH in 100 ml. water is 
added. The mixture is kept at room temperature for 2 hours. The polyvinyl chloride 
becomes brown in color because series of conjugated double bonds are formed. The 
polymer is then filtered, washed, and oxidized in the same way as rubber hydro- 
chloride, the brown color disappearing. The oxidized polyvinyl chloride is washed 
with ethanol and dried at 50°C. 


7. Preparation of Cyclized Rubber 


One hundred grams latex with a dry rubber content of 60% is stabilized with 1.05 
g. Emulphor 0. 150 g. gaseous hydrogen fluoride are added at 5°C. The mixture is 
kept in a polyethylene bottle for 1.5 hours. It is then poured into 1,000 ml. water at 
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room temperature. The hydrogen fluoride is neutralized with a solution of sodium 
hydroxide. The temperature is kept below 25°C. in order to decrease the tendency of 
the particles to fuse into irregular agglomerates. The cyclized rubber is filtered, 
washed with distilled water, and washed with ethanol. It is dried at 50°C. in vacuo. 


8. The Measurements of the Rheological Properties of Pastes 


All measurements were carried out by means of a Couette-type viscosimeter, the 
“Drage Struktur Viskosimeter,’’ manufactured by the ‘“‘Chemisches Institut Dr. A. 
G. Epprecht,”’ Zurich. 

The apparatus allows the bobs to be rotated at three different speeds, and the 
apparent viscosities of the pastes were therefore usually measured at three different 
rates of shear. The measurements were done immediately after the preparation of 
the pastes because the apparent viscosities increase slightly with time. All measure- 
ments were done at 25°C. + 0.2°C. 


9. The Preparation of the Dispersions of the Resins in Plasticizers 


The preparation of the pastes is the most critical part of the experiments as far as 
reproducibility is concerned. The pastes were made by two different methods, which 
will be referred to as methods I and II. 

Method I consists of a premixing of the resin and the plasticizer by means of a 
spatula. The mixture is then passed through a small laboratory Pascal triple roll- 
mill. The rolls were fixed at a constant distance (0.185 mm.). The apparent viscosities 
of the pastes depend on the number of passes through the mill. Three passes give the 
best reproducible results and minimum viscosities. 

Method II consists of a premixing of the resin with 60% of the plasticizer with a 
spatula. The paste is then passed three times through the mill. The rest of the plas- 
ticizer is then added and the paste is given a single pass through the mill. The inves- 
tigations were started with pastes made according to method I, but afterwards 
method II appeared to give more reproducible results and lower viscosities. The 
amines are mixed with the pastes by means of a spatula. The reaction is fast and no 
further changes are observed after about 1 minute. 


10. The Reproducibility of the Various Products and the Preparation of 
Pastes 


To investigate the reproducibility three batches of rubber hydrochloride were 
made. Part of each of these batches was extracted. The pastes made from the batches 
of unextracted rubber hydrochloride showed a good reproducibility, but after ex- 
traction the differences between the rheological properties of the pastes were ap- 
preciably increased, presumably owing to the fact that a small proportion of the 
particles fused into irregular agglomerates during extraction and drying. Neverthe- 
less, the reproducibility was sufficiently good for our purposes, as no conclusions 
were drawn from the absolute values of the apparent viscosities of the pastes, but 
only from the changes which occurred when the surface was modified, especially 
with triethanol amine (T.E.A.). | 

The plasticizers and the other products used were of a good commercial grade, 
but no measures were taken to purify them further because the apparent viscosities 
of the pastes are not influenced appreciably by small quantities of soaps, fatty ae 
water, or Emulphor 0, presumably because the surface of the particles me no pre 
ency to adsorb these substances. The apparent viscosities depend strongly on the 


amount and type of plasticizer. Pastes of tricresyl phosphate (T.C.P.) and dibutyl 
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phthalate (D.B.P.) have been investigated usually. However, other plasticizers, such 
as dibutyl sebacate (D.B.S.), Aroclor (chlorinated diphenyl), and paraffin oil behave 
in a similar manner, i.e., triethanol amine increases the apparent viscosities of all 
these pastes. 


RESULTS AND DISCUSSION 
1. Pastes of Rubber Hydrochloride 


The apparent viscosity of a paste of rubber hydrochloride can be influ- 
enced appreciably by the addition of small quantities of amines. Amines 
which contain aromatic groups or long aliphatic chains have little influence 
on the apparent viscosity of a paste prepared from T.C.P. or D.B.P., but 
these amines may decrease the apparent viscosity of pastes from paraffin 
oil. On the other hand, amines which contain hydroxyl groups, such as 
mono-, di-, or triethanol amine, greatly increase the apparent viscosity of 
the pastes. In particular the stiffening caused by triethanol amine has been 
used as a criterion in this investigation. It will be referred to as the ““T.E.A.- 
effect” for the sake of brevity. 

The stiffening of a paste of 100 g. rubber hydrochloride in 100 g. D.B.P., 
prepared according to method II, is shown in Fig. 1. The stiffening in- 
creases with increasing amounts of T.E.A. until at 1.2 g. per 100 g. rubber 
hydrochloride the maximum is reached. Further additions of T.E.A. de- 
crease the apparent viscosity very gradually because the volume of the 
continuous phase is increased. The stiffening of T.E.A. can be counteracted 
by the addition of acids. The decrease caused by 2.56 g. benzoic acid in a 
paste, which contained 1.2 g. T.E.A., is also shown in Fig. 1. Larger amounts 
of benzoic acid decrease the apparent viscosity still further. 

The T.H.A. effect is not caused by impurities which can be removed from 
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Fie. 1. Influence of triethanol amine and benzoic acid on a paste of rubber hydro- 
chloride. Curve 1: 100 g. rubber hydrochloride in 100 g. D.B.P. prepared according 
to method II. Curve 2: Same as Curve 1 + 0.8 g. T.E.A. Curve 3: Same as Curve 1 
+ 1.2 g. T.E.A. Curve 4: Same as Curve 1 + 1.2 g. T.E.A. + 2.56 g. benzoic acid. 
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Fic. 2. Influence of T.E.A. on a paste of extracted and methylated rubber hydro- 
chloride and on pastes of extracted, methylated, and oxidized rubber hydrochloride. 
Curve 1: 100 g. extracted and methylated rubber hydrochloride in 140 g. T.C.P. 
prepared according to method I both without and with 0.5 g. T.E.A. Curve 2: 100 g. 
of extracted and methylated rubber hydrochloride, oxidized for 1 hour with potas- 
sium dichromate, in 140 g. T.C.P. Curve 3: Same as Curve 2 + 0.2 g. T.E.A. Curve 4: 
100 g. of extracted and methylated rubber hydrochloride, oxidized for 8 hours with 
potassium dichromate, in 140 g. T.C.P. Curve 5: Same as Curve 4 + 1 g. T.E.A. 


the rubber hydrochloride by extraction. A paste of 100 g. extracted rubber 
hydrochloride and 140 g. T.C.P., prepared according to method I, shows 
already the maximum stiffening when only 0.2 g. T.E.A. is added. Pastes of 
normal rubber hydrochloride show the maximum stiffening usually after 
addition of 1 to 1.5 g. T.E.A. per 100 g. rubber hydrochloride. This dif- 
ference is presumably due to the fact that fatty acids are always present in 
normal rubber hydrochloride. These acids, which counteract the T.E.A., are 
removed by extraction. It has usually been observed that the maximum 
stiffening is somewhat smaller for extracted rubber hydrochloride, pre- 
sumably owing to the fact that some agglomeration occurs during extraction 
and drying. 

It is very remarkable that the T.E.A. effect, which is so clearly observed 
in pastes of normal and extracted rubber hydrochloride, has completely 
vanished when pastes of methylated rubber hydrochloride are investigated. 
This is shown in Fig. 2, where curve 1, obtained from a paste of 100 g. 
methylated rubber hydrochloride in 140 g. T.C.P., prepared according to 
method I, remains unchanged when 0.5 g. T.E.A. is added. Large amounts 
of T.E.A. decrease the apparent viscosity because the volume of the con- 
tinuous phase is increased. 

The T.E.A. effect does not reappear when fatty acids or the extract of 
normal rubber hydrochloride are added to methylated rubber hydrochloride 
as described in the experimental section. This is additional evidence that 
the T.E.A. effect is not caused by extractable impurities. 

However, the T.E.A. effect reappears when methylated rubber hydro- 
chloride is oxidized with a potassium dichromate. Curves 2 and 3 in Fig. 2 
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show the stiffening of a paste of methylated rubber hydrochloride, which 
has been oxidized for 1 hour with a potassium dichromate solution as de- 
scribed in the experimental section. Curves 4 and 5 show the even greater 
T.E.A. effect after an oxidation for 8 hours. The rubber hydrochloride, 
which has been oxidized for 1 hour, needed only 0.2 g. T.E.A. for maximum 
stiffening; the rubber hydrochloride, which had been oxidized for 8 hours, 
needed 1 g. T.E.A. Also the T.E.A. effect of normal rubber hydrochloride 
can be increased by oxidation with potassium dichromate, but, if the oxi- 
dized rubber hydrochlorides are methylated, the T.E.A. effect disappears 
again completely. 

Rubber hydrochloride is not oxidized by oxygen in the dark and at room 
temperature. A methylated rubber hydrochloride did not show a T.E.A. 
effect after storage for 7 months under these conditions. 


2. Tentative Explanation of the Experiments with Rubber Hydrochloride 


The experiments carried out with pastes of rubber hydrochloride can be 
explained qualitatively on the basis of the following assumptions: 

a). Acidic groups, presumably carboxyl groups, are chemically bound to 
the surface polymer molecules of the rubber hydrochloride particles. 

b). All other things being equal, the minimum apparent viscosity of a 
dispersion will be observed when the surface of the dispersed phase and the 
continuous phase are similar. 

For instance, a dispersed phase with a polar surface will show a maximum 
colloid chemical stability and a minimum apparent viscosity in polar 
liquids, whereas in nonpolar liquids, such as paraffin oil, a maximum ap- 
parent viscosity and minimum stability will be observed. (The apparent 
viscosity is here defined as the shearing stress divided by the rate of shear.) 
A dispersed phase with a nonpolar surface, on the other hand, will show 
maximum stability and minimum apparent viscosity in a nonpolar con- 
tinuous phase, like paraffin oil. 

The influence which amines exert on the apparent viscosity of the pastes 
can readily be explained by the fact that they will react with the carboxyl 
groups of the surface. Amines with nonpolar aromatic or aliphatic groups 
(e.g., dibenzyl amine) will decrease the polarity of the surface and decrease 
therefore the apparent viscosity of dispersions in paraffin oil. Triethanol 
amine will increase the polarity and increase the apparent viscosity of the 
dispersions in plasticizers. 

Methylation of the carboxyl groups makes it impossible for the amines to 
react with the surface under the prevailing circumstances, and consequently 
the amines do not change the apparent viscosity of pastes of methylated 
rubber hydrochloride to any extent. 

The T.E.A. effect does not reappear when fatty acids or the extract of 
rubber hydrochloride is added to methylated rubber hydrochloride, because 
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these substances are not adsorbed by the particles dispersed in plasticizers. 
But oxidation generates new carboxyl groups on the surface of methylated 
rubber hydrochloride and the T.E.A. effect therefore reappears. 

Organic acids counteract the influence of amines because they compete 
with the carboxyl groups of the surface and strip the surface of its bound 
amines if these acids are present in sufficient amounts. 

Even rubber hydrochloride, prepared from fresh latex, tapped and stored 
in the absence of oxygen, shows the T.E.A. effect. On the other hand, the 
T.E.A. effect may be increased by an oxidation of the latex by oxygen prior 
to hydrochlorination, as will be shown afterwards. The carboxyl groups of 
the surface of rubber hydrochloride may therefore originate from three 
sources: 

a). Part of the carboxyl groups may be the end groups of the natural 
rubber molecule. This would be in agreement with the formation of natural 
rubber by a polycondensation of 8-methyl-crotonic acid (5-7). 

b). Another part of the carboxyl groups may be formed by oxidation of 
the latex during storage. The carboxyl group will evidently be the last step 
of the oxidation, and other oxygen-containing groups will probably also be 
present. These groups will make the surface of the rubber particles more 
hydrophilic, and they will therefore contribute to the stability of the latex. 

c). The carboxyl groups of the surface may also at least partly be ex- 
plained by the presence of an insoluble acidic compound in the rubber. 
However, the increase of the T.E.A. effect by oxidation cannot be explained 
on this basis. 

Another conclusion which can be drawn is that not only is the latex sta- 
bilized by adsorbed fatty acids and proteins, but chemically bound carboxyl 
groups may also exert some influence. Moreover, part of the proteins may 
be chemically bound to the surface by means of the carboxyl groups. This 
would explain why proteins cannot be completely removed from latex by 
repeated washing with soap solution. 

It is not possible at present to give an exact definition of the similarity 
which the surface of the dispersed phase and the continuous phase should 
possess for maximum stability. Nevertheless, the results of this investiga- 
tion indicate that the properties of these dispersions are not governed only 
by double-layer repulsion and attraction by long-range London-van der 
Waals’ forces (8). 

Though the particles of rubber hydrochloride are too small to be clearly 
observed in the electrophoresis apparatus of van der Minne and Hermanie 
(9), some preliminary experiments indicated that the particles of oxidized 
rubber hydrochloride are negative, whereas the particles of methylated 
rubber hydrochloride appeared to be completely neutral. The negative 
charge may be due to an ionization of the carboxyl groups. This result is in 
agreement with Fig. 2, the dispersions of oxidized rubber bydrochloride 
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showing the smallest apparent viscosity. In the presence of T.BAA. the 
dispersions of oxidized rubber hydrochloride show higher apparent viscosi- 
ties than a paste of methylated rubber hydrochloride. As the particles of 
methylated rubber hydrochloride are already neutral, this effect cannot be 
due to a decrease of the double-layer repulsion. It is also impossible to see 
how small amounts of triethanol amine would increase the long-range 
London-van der Waals’ forces considerably, and it is even more difficult to 
see how dibenzyl amine could decrease these forces in dispersions of rubber 
hydrochloride in paraffin oil. But these effects can be understood on the 
assumption that an increase of the polarity of the surface of the particles 
will increase the colloid chemical stability in polar media and decrease the 
stability in nonpolar media. 

Therefore a more specific attraction, originating from the surface of the 
particles, seems to be present in these systems, but it is admitted that the 
experimental evidence is still slight. A systematic investigation of a range 
of amines and a range of plasticizers with increasing dielectric constant or 
increasing cohesive energy density could elucidate this point. 


3. Pastes of Polyvinyl Chloride 


If the explanation of the experiments with pastes of rubber hydrochloride 
is correct, dispersions of other polymers must show a similar behavior if 
carboxyl groups are present bound at the surface molecules of the particles. 

Therefore a paste-grade polyvinyl chloride (Solvic 334) has been oxidized. 
Direct oxidation of polyvinyl chloride is very difficult, and much better 
results are obtained when some hydrogen chloride is removed by means of 
a concentrated KOH solution prior to oxidation as described in the experi- 
mental part. 

A paste of normal polyvinyl chloride is not influenced by amines but after 
oxidation; it behaves indeed in the same way as pastes of rubber hydro- 
chloride. Pastes of oxidized P.V.C. in T.C.P. show no yield value and the 
increase of the apparent viscosity, when T.E.A. is added, is small. However, 
a dispersion of 100 g. oxidized P.V.C. in 100 g. Aroclor 1221 has an initial 
yield value, and a large increase of the apparent viscosity is observed when 
0.6 g. T.E.A. is added. 

Benzoic acid counteracts the stiffening also in pastes of PV-G. anda 
T.E.A. effect has been observed in pastes of methylated oxidized P.V.C. 

The behavior of oxidized P.V.C. and that of rubber hydrochloride are 
indeed completely similar. To prove that this similarity is caused only by 
the presence of carboxyl groups at the surface of the particles and is inde- 
pendent of the chemical composition of the interior, finally a paste of 100 g. 


cyclized rubber in 120 g. T.C.P. was investigated. The T.E.A. effect was 
also observed in this case. 
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4. The Oxidation of Hevea Latex 


The oxidation of latex with oxygen was investigated by McGavack and 
Bevilacqua (10). They found that the rate of oxidation depends on the pH 
of the latex. The maximum rate is observed at pH = 10.4. The oxidation 
is accompanied by a considerable increase of the mechanical stability of 
the latex. 

Though the factors which control the mechanical stability are not fully 
understood, it seemed quite possible that the bound carboxyl groups and 
other oxygen-containing groups of the surface of the particles might be 
important. Therefore an ammoniated latex (pH = 10.4) was oxidized for 
16 weeks with air at room temperature. Each day the samples were shaken 
with air in half-filled bottles for 15 seconds. Care was taken to lose no 
ammonia. The mechanical stability of the latex after 0, 1, 2, 4, 8, and 16 
weeks was determined according to the A.S.T.M. Designation: 1076-54 T. 
The samples were also hydrochlorinated and pastes were made of 100 g. 
resin and 100 g. D.B.P., according to method II. So much T.E.A. was 
added to the pastes that the maximum stiffening was obtained (1 to 2 g. 
T.E.A. per 100 g. rubber hydrochloride). The mechanical stability of the 
latex and the apparent viscosities of the pastes as a function of the time of 
oxidation of the latex are seen in Fig. 3. The apparent viscosities are shown 
only at a rate of shear of 7.9 sec.-' in the absence of T.E.A. and at 5.7 
sec.' with T.E.A., but the viscosities at higher rates of shear showed a 
very similar trend. This experiment was repeated several times with differ- 


Apparent viscosity in poises x 107° 
Mechanical stability in sec x!1O7@ 


Weeks of oxidation 


Fic. 3. The apparent viscosity of pastes of rubber hydrochloride and the mechan- 
ical stability of latex as a function of the time of oxidation. Curve 1: Mechanical 
stability. Curve 2: Apparent viscosity of pastes without T.E.A. at a rate of shear of 
7.9 sec, Curve 3: Apparent viscosities after addition of the optimum amounts of 


T.E.A. at a rate of shear of 5.7 sec. 
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ent latices. Though some quantitative differences were found, the mechani- 
cal stabilities and the apparent viscosities increased always simultaneously. 
This indicates that bound carboxyl groups and perhaps also other oxygen- 
containing groups of the surface increase the mechanical stability of the 
latex. 

The influence of the pH of the latex on the rate of oxidation was also 
investigated. The maximum increase of the stiffening of the pastes is ob- 
served when the oxidation is carried out at a pH of approximately 10, in 
agreement with the results of McGavack and Bevilacqua (10). The increase 
is very small when the pH of the latex is less than 7. 

An attempt was made to prevent the oxidation of the surface of the 
rubber particles with antioxidants. More than ten antioxidants were tested, 
but none of these had any significant influence on the increase of the T.E.A. 
effect. 

Titration curves were made of dispersions of 50 g. of polymer in 225 ml. 
of a 0.01 N sodium hydroxide solution. The titration curves indicated that 
P.V.C. and methylated rubber hydrochloride contained no carboxyl groups 
whereas an extracted rubber hydrochloride contains 0.03 % carboxyl groups, 
which means that about one carboxyl group would be present per 200 A? of 
the surface of the original rubber particles. However, this preliminary 
result should be considered with reserve, as the determination of these 
very small amounts is liable to errors. 
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ABSTRACT 


Data in the literature for the titration of polyacrylic and polymethacrylic acids 
are considered. Polyacrylic acid gives straight-line graphs of pK against a!/3 pro- 
vided no neutral salt is present; here pK = pH + log 1—a/a and a is the degree of 
ionization. For polymethacrylic acid, both in absence and presence of neutral salts, 
the corresponding graphs take the form of two straight lines separated by an inflec- 
tion. Extrapolation of these graphs to zero degree of ionization yields estimates of 
pKo, the intrinsic dissociation exponent. For both polyacids values of about 4.2 are 
found, which is considerably lower than previous estimates. 

Consideration of the effect of substitution of carboxyl groups on simple acids 
show that the value of pK» for a polycarboxylic acid (e.g., polymethacrylic) should 
be about 0.5 less than the pK for the corresponding monobasic acid (isobutyric). 
The same considerations lead, however, to the apparently incorrect conclusion that 
polyacrylic acid should be weaker than polymethacrylic acid. 


During the neutralization of polymeric acids there is a continuous de- 
crease in acid strength. This is due to the electrostatic effect of the increas- 
ing charge on the polymeric anion, and must depend largely on the distance 
between the acid groups in the molecule. The intrinsic strength of the acid 
groups in the polymer must correspond to the dissociation constant Ko of 
a single acid group in the uncharged molecule, i.e., to the limiting value 
for zero degree of ionization. Up to the present no satisfactory procedure 
has been found for estimating this quantity. 

It has been found by Kern (1) and by Katchalsky and Spitnik (2) that 
the course of the neutralization of a polymeric acid may be represented by 
an equation of the form: 

pre pCietlon = ap [1] 


a 


Here a is the degree of ionization and pG and n are constants. 
Subsequent to the empirical discovery of the above equation, a the- 

oretical derivation was developed by Katchalsky and Gillis (3). In this 

derivation Eq. [1] is obtained as an approximation to the equation: 


1/3 
l—ea Se a 


a 
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Here pK is the negative logarithm of the dissociation constant of a single 
acid group in the unionized polymer, s is the number of monomeric units 
of length 6 in one statistical element, j is the number of monomer units per 
acid group, and ) and )’ are functions of the extension of the coil. Accord- 
ing to Katchalsky and Gillis \ and \’ change very slowly during the titra- 
tion and may be assumed to be approximately constant. If this is so we 
may rewrite Eq. [2] in the form: 


pH + log ae pK = pK, + const. a”. [3] 
(a4 


According to this result a graph of pK against a!/* should yield a straight 
line, enabling extrapolation to a = 0 to be carried out. From such an ex- 
trapolation the value of the intrinsic dissociation constant Ko could be 
found. It should be noted that in the derivation of Eq. [2] the absence of 
neutral salts was assumed. However, irrespective of the validity or other- 
wise of the underlying theory, Eq. [3] should, if it holds, be a more useful 
titration equation than [1], in view of the extrapolation possibilities. 
Extensive data for the titration of polyacrylic acid, both in the presence 
of salts such as sodium chloride and in their absence, have been reported 
by Samelson (4). For some of these titrations values of pK and the degree 
of ionization, a, have been calculated from the reported values of pH, 
polymer concentration, and degrees of neutralization. For the case where 
neutral electrolyte is absent, graphs of pK against a!/? seem to conform 


fe) 0.2 0.4 0.6 0.8 


eae 
Fic. 1. Graphs of pK against «/3 for various concentrations of polyacrylic acid 
in absence of neutral salt. (Data of Samelson (4).) Polymer concentrations: O— 
0.00087 N; A—0.00436 N; H—0.00871 N; X—0.0174 N. 
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TABLE I 
Test of the Equation pK = pK) + m a3; Data of Samelson (4) for Polyacrylic Acid 
Polymer concentration pKo m 

(normality) 

0.000871 4.25 4.09 
0.00436 4.13 3.75 
0.00871 4.02 3.58 
0.0174 3.82 3.00 


moderately well to Eq. [3]. These graphs are shown in Fig. 1 for four differ- 
ent polymer concentrations, and the results are summarized in Table I. 
The straight lines were calculated by the method of least squares. 

It will be seen that the values obtained for pKo decrease with increasing 
polymer concentration. Extrapolation to zero concentration gives pKy = 
4.28; obviously this result can be regarded as only approximate. 

Attention was first drawn to this problem by the application of Eqs. 
[1] and [3] to previously obtained data (5) for polymethacrylic acid, which 
refer to titrations in the presence of various concentrations of potassium 
chloride. When these titrations are plotted according to either Eq. [1] or 
Eq. [8], the resulting graphs clearly consist of two straight lines separated 
by a marked inflection. The values of a at which these inflections occur are 
about 0.2, the exact value increasing somewhat with increasing salt con- 
centration. Some of the pK — a!/3 graphs are shown in Fig. 2. It will be 
seen that the two straight portions do not differ appreciably in slope, so 
that the phenomenon does not seem to suggest the existence of two sets of 
acid groups, each with a different acid strength. 

It would seem that the intrinsic dissociation constant should be obtained 
by extrapolation of the first part of the pK — a’? curve toa = 0. From 
ten titrations, using five different samples of polymethacrylic acid and car- 
ried out at 25°C. in solutions of several different concentrations of po- 
tassium chloride, the mean result obtained was: 


pKo = 4.28; standard deviation = 0.08. 


Calculations of pK and a have also been carried out for a number of 
Samelson’s titrations (4) of polyacrylic acid in which sodium or potassium 
chloride was present. In these cases the graphs of pK against a’? could be 
interpreted as smooth curves, but appeared rather to consist of two straight 
portions with an inflection at a = 0.5. (The data of Kern (1) for polyacrylic 
acid give a somewhat similar result.) Extrapolation of the graphs is uncer- 
tain, but would give mean values for pKo of 4.5 or 3.9, depending on 
whether the former or the latter alternative is chosen. In the presence of 
neutral salt of concentration greater than 0.01M there is no dependence on 
polymer concentration, as was found in the case of polymethacrylic acid (5). 

In these calculations activity corrections have been applied on the basis 
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Fra. 2. Titrations of polymethacrylic acid in presence of various concentrations 
of KCl. (Polymer concentration 0.01 NV, temperature 25.0°C. Molecular weight aver- 
age for sample used in 0.02 N KCl = 52,000; other curves refer to a sample for which 
M = 75,000.) 


of the concentration of alkali chloride in the same way as in the previous 
work on polymethacrylic acid (5). In the absence of salt, activity corrections 
have to be neglected. 

These observations would lead to the conclusion that the straight-line 
relationship predicted by Eq. [8] holds in the absence of added electrolytes 
but not in their presence. This conclusion is not supported, however, by the 
data obtained by Oth and Doty (6) for polymethacrylic acid. In spite of the 
absence of neutral salts, their results yield pK — a'/? diagrams of the same 
type as lig. 2. With these graphs used in the same way their extrapolated 
results referring to zero concentration yield a value for pKo for poly- 
methacrylic acid of 4.2. At finite concentrations lower values of pKo result, 
as in the case of polyacrylic acid. 

(In comparing these different sets of measurements it might be noted 
that the titrations of Arnold and Overbeek (5) were carried out at finite 
concentrations in the absence of a salt bridge, whereas Oth and Doty (6) 
used a salt bridge but extrapolated their results to zero polymer concen- 


tration; Samelson’s (4) results, on the other hand, refer to finite concentra- 
tions in the presence of a salt bridge.) 
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Discussion 


With regard to the inflections observed in plots according to Eqs. [1] or 
[3], a similar observation has been made by Strobel and Gable (7), who re- 
port that “two straight lines intersecting at about a = 14 were obtained 
in the log 1 — a/a plot,” for the titration of a weakly basic ion-exchange 
resin; their paper also includes graphs for the titration of a moderately 
strong anionic resin which show the beginnings of similar inflections. That 
inflections of this type were not observed by Katchalsky and Spitnik (2) 
in their titrations of polymethacrylic acid may be due to the fact that their 
data do not extend to low values of a. 

During the neutralization of a polymeric acid (or base) the strength falls 
owing to the increasing charge on the polymeric ions. The inflections found 
for polymethacrylic acid correspond to a slowing down in the rate of de- 
crease of acid strength; this could be caused by a sudden uncoiling of the 
molecules, which would increase the separation between the remaining 
acid groups and the charged regions of the chain. In keeping with this there 
is fairly close coincidence between the ranges of a over which the graphs 
of Fig. 2 are nonlinear and those over which the corresponding viscosity 
—a curves (5) rise most rapidly. In view, however, of the different behavior 
of polyacrylic acid, the phenomenon remains obscure, although the differ- 
ence could in some way be connected with the greater flexibility of the 
polyacrylic acid molecule as compared with that of polymethacrylic acid. 

A factor not taken into account in the derivation of Eq. [2] is the effect of 
intramolecular hydrogen bonding between unionized carboxyl groups. 
This would be expected to increase with decreasing ionization, causing a 
weakening effect on the acid. From the point of view of obtaining pKy by 
extrapolation this should have little effect, since the points on which these 
extrapolations are based extend down to a = 0.02 in the case of poly- 
methacrylic acid and to 0.03 in the case of polyacrylic acid, i.e., to the 
situation in which 97 %—98 % of the acid groups are already in the unionized 
form. There seems little reason to suppose that there would be any sudden 
change of behavior when the last 2%-3% are converted to the unionized 
form. 

Some interesting points arise in connection with the actual values of 
pK». In polymethacrylic acid values of 4.85 (5) and 4.86 (8) have been ar- 
rived at from the difficult extrapolation of pK — a curves. Such values 
have been justified by comparison with isobutyric acid, for which pk = 
4.85 (9). Extrapolation of pK — a'/* graphs, on the other hand, gives a 
value for this acid of pK) = 4.28 (or 4.2 from the data of Oth and Doty). 
In view of the long extrapolation involved these values must be treated 
with a certain amount of caution, but they certainly point to a value of 
pK» considerably lower than previous estimates. It is of interest, therefore, 
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to attempt to estimate the strength of these polymeric acids by comparison 
with simpler acids of related structure. 
CH,.—CH; ne 
For propionic acid, | , pK = 4.87 (9). For aa’-di-methyl- 
OOH 

glutaric acid the first dissociation constant may be taken (10, A) as 
K, = 5.5 4 0.3 X 10-°. Since this is a dibasic acid, the intrinsic dissocia- 
tion constant of one of the acid groups will be one half this value, so that 
for this acid pKy = log %4 X 5.5 X 10> = 4.56 + 0.03. This acid may be 
pene ee We CH,;,—CH—COOH 


considered to be derived by substitution of the group: jaa 


| 


in the a position in propionic acid, the substitution resulting in a lowering 
of the value of pKy by (4.87 — 4.56) = 0.31. Substitution of a second 
group of the same kind would give: 


CH;—_CH—COOH 


CH;—CH—COOH 


which has a structure very similar to that of polymethacrylic acid. If this 
substitution has again the same effect on the acid strength, we obtain an 
estimate of pKy = (4.56 — 0.31) = 4.25 for the central carboxyl group. 
Substitution of further groups to give acids of higher basicity should now 
have little effect on the acid strength, owing to the greater distance along 
the chain from the carboxyl group under consideration. 

The same acid may be arrived at by a different series of steps, e.g., start- 
ing with acetic acid, and using the relevant dissociation constants. (In any 
case, however, the “key” acid the dissociation constant of which is required 
is aa’ — dimethylglutaric.) The results obtained do not agree exactly, 
but the point is that the intrinsic strength of an acid such as polymeth- 
acrylic acid cannot be expected to be close to that of related monobasic 
acids (e.g., isobutyric) but must be greater, the pK value being about 14 
unit lower, owing to the substitution of further carboxyl groups. 

Turning to polyacrylic acid, an acid of related structure may be con- 
sidered to be built up by substitution of two —CH,—CH:—COOH groups 
into acetic acid, one such substitution giving glutaric acid, for which we may 
take pKy = 4.64 (12). The resultant lowering of the dissociation exponent 
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from that of acetic acid (pK = 4.76 (9)) is therefore 6.12; a second substi: 
tution should then give pKy = 4.52 for the acid: 


CH,—CH.—CH—CH.—CH, 


| 
COOH COOH COOH 


As in the previous case slightly different values would be obtained by 
different routes, and in particular considerably lower estimates of pKo 
would be obtained if we accepted the values of Simon, Meuche, and Heil- 
bronner (11) for the dissociation constants of glutaric or of e-methylglutaric 
acid. However, consideration of comparable data shows that the strength 
of glutaric acid is raised by substitution of alkyl groups (as is also the case 
with succinic acid (13)); this is contrary to the well-known effect of alkyl 
groups in lowering the strength of monocarboxylic acids. Hence compari- 
sons of this type must lead to the conclusion that polyacrylic acid is weaker 
than polymethacrylic acid. 

The estimates of pKo for these two acids arrived at by extrapolation of 
the pH data are not sufficiently accurate to allow of a clear-cut decision as 
to which acid is stronger. The pH data at finite values of a, however, allow 
of no doubt that polyacrylic acid is the stronger of the two. The possibility 
therefore arises that the undissociated acids are of comparable strength (as 
indicated by the pK — a'/* extrapolations), with polymethacrylic acid 
being perhaps somewhat stronger, but that on partial neutralization the 
strength of polymethacrylic acid falls more rapidly than that of polyacrylic, 
owing to the fact that less expansion of the molecular coil occurs. Against 
this possibility, however, is the fact that even when the polyacids are 
cross-linked, so that expansion is limited in both cases, polyacrylic acid is 
still the stronger of the two, and changes in the degree of cross-linking 
seem to have little effect on the relative strength of the two acids (14). 
Further data are needed to settle this point. In particular, considerable 
interest would attach to the actual synthesis and investigation of low mo- 
lecular weight analogues of these polyacids, similar to those discussed in 


this paper. 
The author is grateful to Prof. J. Th. G. Overbeek for his interest and 
for helpful discussions. 
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ABSTRACT 


The critical micelle concentration (¢.m.c.) of sodium dodecyl sulfate in water 
passes through a minimum as the temperature is raised. Addition of ethanol has a 
marked effect. In ethanol-water mixtures above 20°C. the ¢.m.c. increases with 
temperature, the temperature coefficient becoming increasingly greater as the alcohol 
concentration rises. Below 20°C. unambiguous ¢.m.c. values can be obtained only in 
mixtures containing up to 9% of ethanol. In the latter solvent the ¢.m.c. is initially 
temperature independent. With mixtures containing mure than 9% of ethanol the 
A-+/ CG curve exhibits a maximum if the temperature is under 20°C. 

The effects of short-chain alcohols and of temperature on the c.m.c. and the sig- 
nificance of the maximum in A are discussed in relation to theories of micellar struc- 


ture. 


INTRODUCTION 


A common characteristic of paraffin-chain salts is the existence of a 
critical concentration for micelle formation (¢.m.c.). In sufficiently dilute 
aqueous solution these salts behave as simple strong electrolytes. The ap- 
pearance of micelles as the concentration increases is often so abrupt that 
only refined techniques indicate a smooth transition in the c.m.c. region. 
Despite extensive study of the phenomenon, many details of the aggrega- 
tion are as yet incompletely elucidated. 

The value of the ec.m.c. is determined by a number of factors. It is 
markedly dependent on the size and shape of the paraffin chain and on the 
nature of the polar group. It is usually decreased by a fall in temperature 
and is at all times decreased by the addition of electrolytes. Organic addi- 
tives often alter it appreciably. | 

The purpose of this investigation was to enquire into the effect of tem- 
perature on the ¢.m.c. of sodium dodecyl sulfate in ethanol-water mixtures. 
Ethanol has been found to have a marked influence on the c.m.c. of this 
salt, but the measurements were made at only one temperature (1). Pres- 
ent findings show the importance of this factor. : 

Critical concentrations were determined from measurements of electrical 
conductance. The reliability of this method has been well established (2). 
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EXPERIMENTAL 


The sodium dodecyl sulfate was kindly provided by Imperial Chemical 
Industries (I.C.I.). Estimations based on the SO; liberated on acid hy- 
drolysis gave a purity of 100%. Microanalysis and theory: C, 50.12 (49.97); 
H, 8.91 (8.738); S, 10.67 (11.12). Conductivity water of specific conduct- 
ance around 1.5 X 10-* mho at 25°C. was obtained by fractional condensa- 
tion. Absolute alcohol was distilled through a column of approximately 25 
plates in an atmosphere of nitrogen. Only the middle fraction was used. 

Solvent mixtures were recorded in terms of percentage of ethanol by 
weight. The exact values are given in the legends and in the table. In the 
text these mixtures will be referred to by the nearest whole number in the 
percentage of alcohol. 

Conductances were measured on a direct-reading Wheatstone bridge, 
using the modified Wagner earthing method introduced by Jones and 
Josephs (3). Current at 1 ke. sec.-! was supplied by a single frequency 
valve oscillator (Sullivan, London). The null point was determined with a 
valve amplifier (Sullivan) and telephone receiver. Bridge settings were 
accurate to within 0.04%. The conductance cells and the procedure were 
exactly similar to those described in a previous communication (4). 

Measurements were made at various temperatures over the range —9° 
to +60°C. Above 0°C. the temperature was controlled to within -++0.05° 
or better. For measurements between —9° and 0°C. an aqueous alcohol 
solution was used in the bath. This solution was circulated through copper 
spirals cooled by alcohol/solid carbon dioxide mixtures. By carefully con- 
trolling the rate of pumping the temperature was regulated to within 
+0.15°. 


RESULTS 


The ¢.m.c. values have been obtained from equivalent conductance (A)- 
concentration plots. Straight lines were drawn through the points 
lying below and immediately above the region in which a rapid change of 
slope was observed; the point of intersection was taken as the c.m.c. 
Around this concentration the points fall somewhat below the lines indi- 
cating a smooth transition. With increasing ethanol concentration, and in 
particular at the higher temperatures, the difference between the slopes of 
the lines becomes much smaller and extrapolation is less certain. The 
values for water and low percentage ethanol solvents are probably accurate 
to within +1%, whereas for higher percentage ethanol solvents the error 
may be 43%. 

Figures 1 and 2 show values of the c.m.c. plotted as a function of tem- 
perature for sodium dodecyl sulfate in water and in two ethanol-water 
mixtures. The limited solubility of the salt prevented measurements being 
made at lower temperatures. A minimum in the e.m.c. versus temperature 
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Fic. 1. Effect of temperature on the c.m.c. of sodium dodecyl] sulfate in water 
(1) and in 9.27% ethanol (0). 
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Fre. 2. Effect of temperature on the c.m.c. of sodium dodecyl sulfate in water 
(C1), and 24.98% ethanol (O). 


curve for sodium dodecyl sulfate in water was previously observed (5). No 
minimum occurs in a 9% ethanol solvent, but the c.m.c. remains constant 
over a range of almost 20°. Above 30°C. the temperature coefficient of the 
e.m.c. rises rapidly, as the percentage of alcohol is increased (Table I). 
Precise values for the c.m.c. cannot be obtained in solvents containing 


560. FLOCKHART 


more than 9% of ethanol if the temperature is much below 20°C. Under 
these conditions the form of the conductance function is altered; the 
A-+/C curve exhibits a maximum (Figs. 3 and 4). Using a 25% ethanol 
solvent measurements were carried down to —9°C. It was observed that 
on the high concentration side of the maximum a linear relationship existed 
between A and ~/C for a considerable concentration range. The concentra- 
tion at which A deviated by an arbitrary amount from this straight line 
(on the low concentration side) was noted. The general trend of these 
values is indicated by the broken line in Fig. 2. A similarity in shape with 
the curve for 9% ethanol will now be observed. 

Values for the c.m.c. of sodium dodecy] sulfate in ethanol-water mixtures 
at 55°C. are plotted as a function of alcohol concentration in Fig. 5. The 
minimum at about 6% of aleohol corresponds to Ward’s result of a mini- 
mum around 10% when the temperature is 20°C. (1). Because of the 
maximum in the A- ~/C plot, the curve for 10°C. could not be continued. 


TABLE I 
Temperature Coefficient of C.M.C. of Sodium Dodecyl Sulfate 
Solvent Temp. range Temp. coeff. 
GE) % per deg.) 
Water 40-60 0.9 
9.27% Ethanol 30-60 1.8 
24.98% Ethanol 30-60 3.0 
3s 
Ge 


0.06 0.08 0.10 0.12 
Concentration 


Fra. 3. Conductance curves for sodium dodec in 24 i 
nap : 8 ‘ yl sulfate in 24.98% ethanol at (1) 
25.0°C.; (2) 10.0°C.; (8) 0.2°C.; and (4) —6.0°C. The zeros of the ordinate axes of 


the curves have been adjusted to bring all in the same figure. Ordinates of the break 
point or maxima are as indicated, 
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Fig. 4. Conductance curves for sodium dodecyl sulfate in ethanol-water mixtures 
at 10.0°C.: ethanol for curve (1) 9.27%, (2) 17.68%, (3) 20.78%, (4) 24.98%. The 
zeros of the ordinate axes of the curves have been adjusted to bring all in the same 
figure. Ordinates of the break point or maxima, are as indicated. 
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Fic. 5. Effect of ethanol on the c.m.c. of sodium dodecyl sulfate at 55.0° C. (O) 
and 10.0°C. (()). 


562 FLOCKHART 


DISCUSSION 


Very little is known with certainty about the composition and structure 
of the micelles formed by the aggregation of paraffin-chain ions. In the 
absence of definite information it is necessary to adopt a model. For the 
region close to the c.m.c., Hartley’s hypothesis (6) is the most convincing. 

According to Hartley two energy terms are of major importance in the 
aggregation process. Aggregation is assumed to occur when the energy 
available from the destruction of the hydrocarbon-water interfaces is sufh- 
cient to overcome the electrical repulsion between the ions. Ward (1) has 
extended this argument to cover the addition of short-chain alcohols to 
these solutions. An approximate calculation indicates that for sodium 
dodecyl sulfate the interfacial energy is no longer the greater beyond 40 % 
of ethanol. This is in good agreement with experimental results. Long- 
chain alcohols have been shown to lower the c.m.c. A possible explanation 
of this effect is the decreased head-group repulsion in the micelle, brought 
about by the introduction of alcohol molecules between the paraffin-chain 
ions (7). 

One of the most doubtful factors in these calculations is the dielectric 
environment about the ionic heads in the micelle (1). This quantity can- 
not be even approximately calculated at the present time. The bulk value 
of the dielectric constant of the solvent must be used. With short-chain 
alcohols dielectric effects are likely to be important. Another probable 
source of error is the use of interfacial energy to represent the interaction 
energy of a single hydrocarbon chain with the surrounding solvent mole- 
cules (8). Until it is possible accurately to evaluate the energy changes 
involved in micelle formation, little progress can be made toward a com- 
plete analysis of the effect of alcohols on the c.m.c. Several papers dealing 
with various aspects of the energetics of micelle formation have been pub- 
lished within recent years (9-11). 


C.M.C. vs. Ethanol Concentration Curves 


At constant temperature small additions of ethanol lower the c.m.c. of 
sodium dodecyl sulfate; larger additions raise the value. Ward (1) has 
attributed the initial drop in the ¢.m.c. to adsorption of aleohol molecules 
on the paraffin surface of the micelle. The shift of the minimum to lower 
alcohol concentrations upon a rise in temperature may therefore be brought 
about by two contributory factors: a decrease in the amount of alcohol 
adsorbed on the surface of the micelle, and an increase in the solvent power 
of the alcohol for the hydrocarbon portion of the ion. Support for the 
assumption of a hydrocarbon-water interface within each micelle can be 
found in the work of Stigter and Mysels (12) [ef. also (10)). 
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C. M. C. vs. Temperature Curves 


Among the smaller energy changes associated with the formation of 
micelles is the imposed reduction in the kinetic energy of the ions upon 
aggregation. The disaggregating effect of thermal agitation is evidenced by 
a shift of the c.m.c. to higher values with a rise in temperature [Figs. 1 
and 2, and (13)]. Table I shows that the temperature coefficient of the 
¢.m.c. Increases rapidly as the alcohol content of the solvent rises. This 
result presumably indicates that the power of the alcohol to displace the 
equilibrium in the direction of single ions becomes increasingly greater as 
the temperature is raised. 


Maximum in A->/C Curves 


The sharpness or lack of sharpness of initial micelle formation, as indi- 
cated by the break point in the A-»/C plot, depends greatly on both the 
ethanol concentration and the temperature. This is clearly evident from 
Figs. 3 and 4. A maximum appears in the A-+/C curves if the ethanol con- 
centration exceeds 9% and the temperature is under 20°C. The occurrence 
of a maximum conductance in propanol-water mixtures of sodium dodecyl 
sulfate was previously reported (5). These results have obviously a signifi- 
cant bearing on the interpretation of the aggregation phenomena charac- 
teristic of these solutions. 

Evidence has been presented which shows that even below the c.m.c. 
there are indications that some small micelles are formed in solution. 
Ekwall and co-workers (14) have obtained extensive experimental data 
showing that discontinuities in the behavior of paraffin-chain salts occur 
not only at the c.m.c. but also at concentrations that are both below and 
above this value. These discontinuities, however, are observed in the pres- 
ence of foreign substances such as long-chain alcohols and hydrocarbons. 
According to these investigators the lowest concentration limit, termed 
the limiting association concentration, must be ascribed to association be- 
tween the paraffin-chain ions and the molecules of the additive. 

Whether paraffin-chain salts behave differently only in the presence of 
organic additives or whether small changes occur in the structures of the 
pure salt solutions below the ¢.m.c. is not certain. Of importance from the 
present point of view is the probable existence of small mixed aggregates 
below the c.m.c. in alcohol-water mixtures. On this assumption the maxi- 
mum in the A-+/C curves of sodium dodecyl sulfate in ethanol-water mix- 
tures (Figs. 3 and 4) can be tentatively explained. The small paraffin-chain 
ion-alcohol aggregates will possess a greater relative mobility than the 
single ions by virtue of Stokes’s law. In such dilute solutions the secondary 


effects of aggregation will be small [cf. (5)]. 
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On the assumption that the presence of premicelles is the correct ex- 
planation for the maximum effect, the equilibrium relationship between 
these aggregates and the simple ions must be very sensitive to temperature 
(Fig. 3). 


Fall of C.M.C with Rise in Temperature 


According to Ekwall the limiting association concentration should not 
be confused with the c.m.c.; they appear simultaneously in numerous col- 
loid systems, but at different colloid concentrations (15). It may therefore 
be permissible to attach some significance to the values indicated by the 
broken line in Fig. 2. They may, in fact, be very approximate values for 
the c.m.c. in 25% ethanol at temperatures between —9° and +20°C. 
Inspection of Figs. 1 and 2 now shows that under 20°C. the c.m.c. of so- 
dium dodecyl sulfate in water decreases as the temperature rises, in 9% 
ethanol it remains constant, whereas in 25 % ethanol it increases. 

From the temperature coefficient of the c.m.c. experimental values for 
the heat of micelle formation can be calculated (9). A decrease in the 
c.m.c. upon a rise in temperature leads to positive values. The heats of 
micelle formation of sodium dodecyl sulfate in water at various tempera- 
tures have already been reported (5). Corresponding heats of micelle for- 
mation may be calculated from the published work (16) on potassium 
laurate, lauryl sulfonic acid, and dodecylammonium chloride. At low tem- 
perature the values are positive. Recently, calorimetric measurements 
have been made to determine directly the heat involved in micelle forma- 
tion (17, 18). For three of the salts investigated positive values were ob- 
tained. 

In a very recent paper (18), Goddard, Hoeve, and Benson have shown 
qualitatively how small positive heat effects may be explained. According 
to Frank and Evans (19) water forms “frozen” patches or microscopic 
“icebergs” about molecules of nonpolar substances and around the non- 
polar parts of molecules of polar substances. With single paraffin-chain 
ions in aqueous solution this quasi-solid structure formed around the 
hydrocarbon chain causes additional heat and entropy to be lost. Hence, 
aggregation of these ions at low temperature is accompanied by an in- 
crease in the energy of the system. With rise of temperature a gradual 
breakdown of the structure occurs. There is, therefore, an increase in the 
energy of the single ion state, and consequently the value for the heat of 
micelle formation falls and eventually becomes negative. 

Present measurements would appear to support these ideas. The addi- 
tion of ethanol leads to smaller values for the heat of aggregation, the value 
becoming zero in a 9% ethanol mixture; in higher percentage ethanol sol- 
vents it is negative. A breakdown in the quasi-solid structure as the alco- 
hol concentration is increased seems quite likely. Dissolved ions are be- 
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lieved to have a big depolymerization effect on water (19). The alcohol 
may bring about depolymerization both by “iceberg” formation and hy- 
drogen bonding. 
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ABSTRACT 


The optima in the concentration of various polymeric flocculating agents which 
produce the maxima in the filtration rates of phosphate slimes are (empirically) 
linear with respect to the square of the weight per cent of solids and also the square 
of the specific areas of the solids in the slimes. 


A. InTRODUCTION 


In the preceding paper (IV) of this series (1) it was demonstrated that 
with all the slimes and flocculating agents studied the plots of filtration 
rate vs. the concentration of flocculating agent show maxima in filtration 
rates at particular flocculating agent concentrations. The position of this 
maximum in filtration rate varies with the composition of the flocculating 
agent, the chemical composition of the solid, and the per cent by weight 
of the solid in the slime. Similar variations were observed with starches as 
flocculating agents (1). For any given slime with a particular flocculating 
agent the concentration of the flocculating agent corresponding to the 
maximum filtration rate increases with the per cent by weight of solids. 


B. EXPERIMENTAL Mrruops AND RESULTS 


Stock slimes containing only minus 200 mesh particles were prepared 
from “‘leached zone” material by the method described in paper II of this 
series (2). In addition, slimes (also —200 mesh) were prepared from pure 
Cas(POx4)2 and AIPO, solids, respectively. Solid contents up to 15% were 
obtained by diluting the stock slimes with distilled water. The pH of the 
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IN P.PM. (Pm) 
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Fic. 1. The optimum in the concentration of flocculant (P») vs. the per cent by 
weight (W) of Ca;(PO.)2 (lower abscissa) and against W? (upper abscissa) for Ca; 
(PO.)2 slimes. A. Pm vs. W with Lytron 886 (product of Monsanto Chemical Com- 
pany). B. P, vs. W with Guartec (product of General Mills, Inc.). C. P, vs. W? 
with Lytron 886. D. Pn vs. W® with Guartec. 


diluted slime was then adjusted to the value for the original stock slime 
in each case. 

The variation of the filtration rate of a particular slime with the concen- 
tration of the flocculating agent for different solid contents was determined 
using the vacuum filtration technique described in paper II of this series 
(2). The optimum concentrations of flocculant (i. e., the concentration 
corresponding to maximum filtration rate) were determined for different 
solid contents. Figure 1 shows plots of the optimum concentration of 
flocculating agent (P,) vs. per cent solids (W) and P,, vs. W? for calcium 
phosphate slimes using Lytron 886 and Guartec as flocculating agents. 

An examination of curves A and B of Fig. 1 suggests that the relation- 
ship between P,, and W is parabolic and, therefore, a plot of P., vs. W* 
should be linear. The parabolic relation is confirmed by the straight lines 
C and D when the data are plotted as P,, vs. W®. Subsequently, additional 
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data obtained with other slimes and flocculating agents (not shown) were 
found consistently to be in agreement with the linear relationship for P,, 
vs. W2. This relationship is general, and one may interpolate with confi- 
dence to obtain the optimum flocculating agent concentration for inter- 
mediate values of solid content when only a few data are available. 

On the basis of other investigations in our laboratories, the linear rela- 
tionship between P,, and W? indicated the possible existence of a more 
fundamental linear relationship between P,, and the square of the specific 
surface of the solids. 

A technique for determining the specific surfaces of the solids which is 
especially suited to our investigations is the permeability method which 
was developed by Carman using a theory of Kozeny (8), in which filtra- 
tion rates are related to the surface areas of the solid in the filter cakes. 
Further details concerning the application of this method for the deter- 
mination of the specific surfaces of phosphates will be described in a later 
paper. 

Carman has shown (4) that for a bed (filter cake) of constant and known 
thickness, the volume rate of flow of filtrate (Q) is related to other factors 
as follows: 


Q = volume rate of flow of filtrate in cm.*/sec.; 
AP = pressure drop across the bed in g./cm.?; 

g = acceleration of gravity (980 cm./sec.’) ; 

4 = cross-sectional area of the bed (cm.); 

€ = porosity of the bed (the volume of void divided by total vol- 
ume of bed (AL)); 
— Ww . 

ALp’ 
W = weight of solid in the bed (g.); 
L = depth or thickness of bed (cm.); 
p = bulk density of solid g./em.3; 
n 
k 
S 


é= 11 


= viscosity of fluid passing through bed; 
= constant = 5; 
= surface area of particles in unit volume of bed (cm.?/cem.?), 


In order to measure the filtration rate through a filter cake of constant 
and known thickness, the first filtrate is passed through the cake obtained 
from the initial filtration in which the solid is still settling during the 
process. This second or refiltration rate is used as the Q in the Kozeny- 
Carman equation. The cake thicknesses were measured with a traveling 
microscope. ‘The pressure gradient (AP) (usually about 74 em. of Hg) was 


FLOCCULATION, SUBSIDENCE, FILTRATION OF PHOSPHATE SLIMES. V 569 


determined from a manometer connected to the suction flask in the vacuum 
filtration apparatus. 

Comparison showed that the specific areas obtained from the Kozeny- 
Carman method were in satisfactory agreement with those obtained from 
stearic acid adsorption. It was established that the refiltration data could 
be used reliably as a means of determining at least the “relative” surface 
areas of the solids in a series of different phosphate slimes. These determi- 
nations were sufficient for the correlation with flocculation and filtration. 

In order to establish whether or not the linear P,, vs. W? relationship 
corresponds to a linear P,,, vs. (area)? relationship, samples of a single pure 
solid material (Ca;(PO,)2) having different specific surfaces were obtained 
by fractionation of a stock sample in order to eliminate the additional 
uncertainty introduced by differences in the chemical composition of the 
surfaces. 


Merxsop or I’RACTIONATION 


Tricalecium phosphate (Ca;(PO,4). N.I’. precipitated), obtained from the 
Fisher Scientific Co., New York, New York, was subjected to fractional 
separation. A system of several connected containers (lig. 2) was used 
for a continuous flow fractionation. 

A dilute suspension having a solid content of 5% was placed in flask A, 
which was provided with a side outlet near (but not at) the bottom and a 
ground glass stopcock to facilitate control of the flow rate. The material 
remaining suspended in A, flowed into B. From the top of B, suspension 
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Fic. 2. Fractionation apparatus (discussed in text). 


570 LA MER, SMELLIE AND LEE 


flowed into container C, through a tube with a funnel-shaped outlet, which 
reached almost to the bottom of C. Further separation of particle size was 
obtained by allowing the suspension to flow from the top of C, into a 
funnel shaped exit near the bottom of D. Very fine particles at the top of 
D flowed into 20-liter carboys where slow sedimentation took place over- 
night. The decantrate from the carboys, which was nearly clear, could be 
used for further separation. 

A satisfactory fractionation of particle size is possible if a constant flow 
rate is maintained, and the starting suspension is sufficiently dilute (5% 


| et tad 
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Fic. 3. Photomicrographs (50X) of samples of Ca3(PO,4). obtained by fractionation. 
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solids or less). When the per cent solids is too great, collective sedimenta- 
tion results and fine particles are forced down by larger ones. However, 
excessive dilution is undesirable, since the weights of solid that can be 
separated from a given volume of suspension are too small. 

The fractions so separated were named “coarse” (from container C), 
“medium” (from container D), and ‘fine’ (from the carboys). Photo- 
micrographs of these fractions (Fig. 3) showed that the “fine”? contained 
particles of diameter less than 10 microns. The “medium”’ fraction con- 
tained particles up to 20 microns, and the ‘coarse’ fraction contained 
particles of diameters up to 100 microns. Fine particles were abundant in 
the “medium” and “‘coarse”’ fractions; however, the average particle sizes 
in each fraction were sufficiently different for our purpose. 


DETERMINATION OF “RELATIVE” SPECIFIC SURFACE 
AREAS OF THE SIZE FRACTIONS 


After having obtained the Ca;(PO.)2 in three distinct size fractions by 
the method just described, specific surface areas of each fraction had to 
be determined. 
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Fia. 4. The square of the apparent specific surfaces vs. the optimum concentration 
of Lytron 886 (flocculant) for slimes prepared from each of the various size fractions 
of Ca3(PO,)2. Solid content of slimes was 5.5%. 
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Fia. 5. The square of the apparent specific surfaces vs. the optimum concentration 
of PAM-M (flocculant) for slimes prepared from each of the various size fractions of 
Ca3(PO,4)2. Solid content of slimes was 5.5%. 


PAM-M designates a polyacrylamide flocculant, prepared in the Columbia Uni- 
versity Laboratories by P. K. Lee as follows: 

Six grams of Polyacrylamide 100 (American Cyanamid Co.) and 18 ml. of 40% 
formaldehyde were combined with water to a volume of 300 ml. (pH = 4) and heated 
at 80°C. in a water bath for 30 minutes to effect cross-linking of the polyacrylamide. 
The liquid was then quickly chilled and ammonia (to pH = 8) was added to react 
with the excess formaldehyde. The solution was then adjusted to 0.5% by weight of 


polyacrylamide and a final pH of 5.2 with water and hydrochloric acid for use as a 
flocculant. 


Since a very precise determination of specific surface is a complicated 
and unnecessary endeavor for the purposes of this investigation, the refil- 
tration data adapted to the Kozeny-Carman permeability equation were 
considered sufficient. 

Slimes of the different fractions of Cas(PO.)2 were prepared with the 
same per cent solids (5.5%). Since the per cent solids in each of the Ca;- 
(POx4)2 slimes, so prepared, is the same, any differences in the amount of a 
particular polymeric flocculating agent required to produce the optimum 
in the refiltration rate must be due to differences in specific surface. 

The expected variations in the refiltration rates of the original “blanks” 
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of the various slimes were observed, showing that a significant fractiona- 
tion of particle size and hence of specific surface had been effected, thus 
confirming the evidence given by the photomicrographs. 

According to the discussion in connection with Fig. 1, a plot of Pm vs. 
S?, 1.e., (specific area of solid)’, should be linear. Two sets of experimental 
data obtained with the fractionated Ca3(POx4)2 have been plotted in this 
way (Figs. 4 and 5). The points correspond to a straight line passing through 
the origin in both cases, within the limits reasonably expected from the 
data obtained by the present experimental techniques. 

It will be noted that the apparent specific area for the “fine” fraction 
in particular is significantly different in the two cases (Figs. 4 and 5). The 
data represented in Fig. 4 were obtained within a few days after the slimes 
were first prepared, whereas the data for Fig. 5 were obtained about two 
weeks later with the same slimes. We have frequently observed this varia- 
tion in apparent surface area and hence in filtration rate with the aging 
of slimes. This can be attributed to the variation in the degree of aggre- 
gation produced by slow changes in the concentration and the surface 
adsorption of ions and modifications of the surfaces of particles due to 
hydrolysis. Such changes lead to a greater or lesser degree of flocculation 
with the corresponding variation of effective particle surface area over a 
relatively long period of time. This effect is usually observed more fre- 
quently with fine suspensions. The apparent surface area of the “medium” 
fraction changed very little during the two-week interval and the apparent 
areas of the ‘original’? material and the “coarse” fraction remained the 
same within the errors of measurement. 

Had the linear relationship between P,, and W? been strictly one depend- 
ing upon the mass (or volume) of the particles, then, since the slimes 
prepared from the fractionated Ca;(POu.)s all had the same per cent solids, 
they should have exhibited the same value of P,,. This series of experi- 
ments shows that the linear P,, vs. W? relationship is basically a linear 
P,, vs. (specific area of solids)? function. 


C. CoNcLUSION 


The specific effect of the chemical composition of the solid surface in 
relation to flocculation by polymeric flocculating agents may now be in- 
vestigated for known relative specific surfaces, since it has been shown 
that the specific surface of the solids and the amount of flocculating agent 
necessary to produce a maximum in filtration rate are related. 

At the present time data relating specific surfaces of solids to optima in 
flocculating agent concentration for different slimes are not sufficiently 
systematic and diverse to permit drawing definite conclusions concerning 
the specific effect of the chemical composition of the solid in the floccula- 


tion process. 


574 LA MER, SMELLIE AND LEE 


Further experiments are planned in which insoluble sulfates, chlorides, 
and hydroxides will be used with varied specific surfaces to allow clarifica- 
tion of the role of chemical composition of the solid surface in flocculation 
by polymeric flocculating agents. 
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Recent experimental work by Manley and Mason (1), and by Bartok and 
Mason (2), has been concerned with the paths of near-neighbor glass 
spheres suspended in a viscous liquid flowing in continuous simple shear. 

Without knowledge of this work J have stated without proof (3), in dis- 
cussing Vand’s (4) theory of the viscosity of a suspension of spheres, that 
the paths of approach and recession of two rigid spheres in a shearing 
liquid would be curvilinear and would be mirror images of each other. This 
theorem has been given substantial support by the experimental results re- 
ported by Bartok and Mason (2); and in correspondence on this work Dr. 
Mason has suggested to me that I publish the proof of the theorem. The 
proof follows below. 

It is assumed that the two suspended spheres are perfect, rigid, too large 
to show appreciable Brownian movement, and subject to first-order hydro- 
dynamic forces only. Inertial forces are thus ruled out, as well as surface 
forces. 

First it is necessary to show that, under the assumed conditions, two 
spheres in passing cannot make physical contact. Consider two spheres of 
equal radii, a, approaching each other at relative velocity V along the line 
joining their centers. We then ask the question, what force, operating on 
each sphere, is necessary to overcome the viscous resistance of the liquid 
that is being forced out from between the spheres? To facilitate the mathe- 
matics, we substitute for the approaching spheres a pair of co-axial para- 
bolic surfaces of the same curvature at their apices, where they are tangent 
to the spheres they replace. Hach paraboloid is cut off by a right section at 
such a position that the section radius is equal to the radius of the spheres. 

Let Q be the flux across a cylindrical surface of radius r about the axis of 
the system, r being less than the sphere radius. Then 


Q=aryV. 


But also 
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where z is the axial distance from the central plane of the system, 2h is the 
separation of the parabolic surfaces at radial distance r, and v is the radial 
liquid velocity at r, z. The expression for h is 


h=b+?r*/a, 


where 2b is the apex separation of the parabolas, and a is the apex radius of 
curvature. 
We ignore the axial components of the liquid velocity. The hydro- 
dynamic equation is then 
dy _ 1d(rP) 


192 =r dr’ 
where 7 is the viscosity; and P is the pressure, taken to be zero at r = a. 
The axial hydrodynamic force on either parabola is 


F =n | rP dr. 


0 
Solution of the above equations gives the result 


_ 8b(a + b)'F 


danas 


V 


This equation is only an approximation, but it shows that V becomes 
proportional to b in the limit as b > 0. 

Now consider two spheres which at timet = 0 areseparated by the distance 
2b; and let F,, be the upper limit of the external force tending to drive the 
two spheres together for all subsequent positions of approach. Then 

db _ 8b(a + bo)’Fmn 


Viteig Ore ae 


dt Sanat pei 


k being defined by the above equation. Integration leads to the inequality 
b > dyer. 


Thus we see that b can never become zero for any finite ¢. But since two 
spheres in close proximity rotate about each other at a finite velocity of ro- 
tation, the time available for their closer approach is finite. Hence, approach 
to contact, or b = 0, is impossible if the assumptions underlying this theory 
are valid. 

A slight variation of the above proof would establish the same conclusion 
for spheres of different radii. The problem of path symmetry therefore can 
be analyzed on the assumption that contact pressure between two spheres 
in apparent collision is nonexistent. Hence the only forces we have to con- 
sider are hydrodynamic forces. 
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Now to prove that the paths of approach and recession are mirror images 
of each other, we consider three different situations involving two spheres, as 
indicated in Figs. 1, 2, and 3; and we choose the center of Sphere 1 in each 
case as the origin of our reference axes. The y and z coordinates of Sphere 
2 are the same in all three cases. In Case II the x-z shear is reversed in sign. 
In Case III the x-coordinate of Sphere 2 is reversed in sign. 

If u, v, w are the velocity components, p;; the stresses, p the mean 
pressure, and 7 the viscosity, the general equations for viscous flow and 
the boundary conditions are as given in Eqs. [1] to [8]. The subscript 7 
may be 1 or 2, referring to spheres No. 1 and 2, respectively. The com- 
ponents u;, vi, w; are the velocities of the center of the sphere 2, R; its 
radius; 1;, m;, n; are the direction cosines of the radius vector from the 
center of sphere 7 to a point on its surface; 1;, l’;, and 1”;, etc., refer to 


corresponding points in the three Cases I, II, and II. The integrals / da 


extend over the sphere surface, da being an element of area. 
Field Equations 


lop , du, du, ou 


ohess = (), 
ee 
1 Op av 
tay peliggees. =i); 1 
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Boundary Conditions 
At infinity: 


u = gz, Cases I and III, 
u = —gz, Case II, [2] 
v=w=p=0. 
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At the sphere surfaces: 


u = Ut (mw + Niwia)Ri, 
yp = 0, + (nwa + liwis)Ri, [3] 

w= wit (lw + Miwa)Ri. 
(sc see eae n 
J tcpieda = J movida 7 | nid AL [5] 


where 


Dis = hepato ieee one 


Diy = LDye + MiPyy + NDyey [6] 
Diz = UPez + MipPy + NiDz, 
Poo = —p t+ 2%, 
Pyy = S Ph 2hges [7] 
Pea = —p t+ 2n ae 
‘Dis = Pax = (2 + za [3] 
Dry = Dyz =1(2 + ey 


Concerning the solutions of these equations, it is to be noted first that all 
Kqs. [1] to [8] are linear and homogeneous in the dependent variables 
U,V, VW, Dij, P, Ui, Viy Wi, Win, Wi2, Wi3, aNd the parameter g. Consequently, 
when g changes sign, this being the only difference between Cases I and 
II, the only change in the solution is that all dependent variables in the 
solution likewise change sign. Thus, u/(2’, y, 2) = —u(a, y, 2), etc., as 
shown in the table, Comparison of Solutions. In this table w stands for 
U, U1, OF Us. 

In going now from Case II to Case III, there is again a change in sign of 
g, and also in the sign of x for corresponding points. Case III is thus the 
image of Case IT as mirrored in the yz plane. The solution for Case III can 
therefore be easily written down in terms of the solution for Case II, and 
consequently in terms of the solution for Case I also. The various sign 
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changes that occur are shown in the Comparison of Solutions. It will be 
found that with the sign changes indicated with reference to Case I, the 
terms in any equation of the system [1] to [8] all change sign or all remain 
invariant. Hence the equations remain satisfied in either case. 

It may be remarked at this point that the use of Case II in this argument 
is not essential. It is possible to go directly from Case I to Case III; but 
the interposition of Case II seems to be helpful in clarifying the problem. It 
is clear that Cases I and III may be taken to represent the approach and the 
recession of two spheres. The components of the relative velocity, w2 — w, 
etc., are functions of the coordinates of Sphere 2, x2, ye, 22. Furthermore, 
Uz — U iS invariant in the transformation v2 — —2z2 while v. — », and 
W. — w, change sign. 

The velocities of the spheres with respect to their center of gravity (each 
sphere having unit weight) are (w. — w)/2, ete., and (wi — we2)/2, ete. 
The velocities with respect to the center of gravity therefore have the same 
symmetry property as have the relative velocities, wz — mH, etc. 

From what has been proved it is now relatively easy to show that the 
paths of approach and recession of either sphere relative to their center of 
gravity are images of each other as mirrored in the yz plane which passes 
through the center of gravity and moves with it. Consider two spheres at 
the moment of passing when 2; = v2; = 0; and take this moment as zero 
time. Let the coordinates and velocities of sphere 2 with respect to their 
center of gravity be denoted by X, Y, Z and U, V, W during approach and 
by X, Y, Z and U, V, W during recession. Then for the path of approach, 
we have integral equations of the form [9]; and for the path of recession, of 
the form [10]. 


Kier / "U(X, Y,2) at (9] 
Oe i U(X, Y, Z) dt. [10] 

X(-t) = -X®, 
Y(-t) = Y(), (11) 
Z(—-t) = Z(t) 

U(X, Ne Z) ier —a(X, a Z), 

v(X, Y,Z) = aX, Y, 4), [12] 

w(X, Y,Z) = WX, Y, Z) 


Assume now that within the time range —4 < ¢ < & we have relations 
[11]. It is important to note here that these equations are necessarily valid 


for ¢:= 0. Mie 
For any symmetric paired values of X, Y, Z and X, Y, Z we have proved 


the validity of Eq. [12]. Then the integral equations [9] and [16] show that 
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the relations of Eqs. [11] will persist for the next paired intervals of time, 
from t, to é, + dt and from —(t, + dt) to —h. By mathematical induction 
it therefore follows that Eqs. [11] are valid for all ¢. This constitutes the 
proof that the paths of approach and recession are mirror images of each 
other. 

The proof has been given here for the paths relative to the center of 
gravity of the spheres; but the proof holds likewise for the path of either 
sphere relative to the other sphere. 

Bartok and Mason report one instance in which there was disagreement 
with the above theory. Two spheres which approached along paths which 
initially were almost collinear failed to separate after rotating half a revolu- 
tion about each other. Instead, they continued to rotate indefinitely as a 
permanent doublet. In the doublet configuration the spheres were in contact, 
so far as the microscope could show; and it is to be presumed that there 
were surface forces, ignored in the theory, which could bring and hold the 
spheres together, once they were brought sufficiently close by the hydro- 
dynamic forces. 


Comparison of Solutions 


Case I u(o) = ge. 
Case II u’(0) = —gz;a’ = x. 
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Case III u”(0) = gaz. 
Yor corresponding points, 


c= —7 = —2, 
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In this investigation, a standard commercial X-ray diffraction unit is 
readily adapted to give small-angle X-ray scattering measurements and the 
technique is applied to pigment systems. The X-ray scattering curves for 
the dry pigments correlate with the average particle sizes calculated from 
specific surface measurements by nitrogen adsorption (BET method) and 
electron micrographs. 


INTRODUCTION 


Small-angle X-ray scattering is a useful tool for determining certain 
physical structure properties of materials which contain discontinuities in 
electronic density. It has been found especially useful for determining the 
average particle size and the particle size distribution of materials such as 
proteins, high polymers, catalysts, carbons, and colloidal dispersions. 
Guinier e¢ al. (1) has recently made a comprehensive review of the subject 
and included a complete bibliography. 

This investigation involves the simple adaptation of a standard, commer- 
cial, X-ray diffraction unit to give small-angle scattering measurements; 
the measurement of X-ray scattering for pigment systems; and the inter- 
pretation of the scattering curves in terms of an average particle size and 
particle size distribution. 

Discussion oF THEORY 

A measure of the scattering of X-rays at small angles by a colloidal sys- 
tem is, in effect, a measure of the distribution of electronic density. By 
making certain assumptions, this distribution can be interpreted in terms 
of a radius of gyration for a monodispersed system or a distribution of radii 
of gyration for a polydispersed system. The radius of gyration is defined as 
the root mean square of the distances of all the electrons in the particle to 
its center of electronic gravity and represents an average particle size. For 

1 The material in this report was presented at the meeting of the American Chemi- 
cal Society, Colloid Division, in Miami Beach, Florida, on April 8, 1957. 
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simplicity, reference will be made in this report to an average particle size 
(radius) instead of radius of gyration. 

X-ray scattering measurements are theoretically applicable to a wide 
range of particle sizes but are limited experimentally to an “effective parti- 
cle size range.” Large particles (larger than 1000 A. radius) limit the scat- 
tering to inaccessibly small angles, and very small particles (smaller than 
R = 50 A.) spread out the scattering to large angles but the intensities are 
weak and difficult to observe. 

The scattering equation for Np particles of uniform size is: 


Ip = Nel Nofr(k, BR) [1] 


where J, is the intensity of scattered radiation at angle 6, Np is the number 
of particles, J, is the Thomson scattering factor for a single electron, NV. 
is the number of electrons in the particle, and f(k, R) is the structure 
factor. 

In a monodispersed system, assuming spherical particles 


2 hie Pesees fremNS 
f (k, R) = (abs sin (kR) — (kR) cos an) |) 
and using Guinier’s approximation (1), 
f(k, R) =e pues : 
3 
276 
where k = oY 
6 = scattering angle. 
\ = wavelength of incident radiation. 


Substituting and taking the logarithms of both sides, Eq. [1] reduces to: 


- 4 R? 
In /6 = Ink — 2 
nk ERE [2] 
where K = constant. In the formulae, the small-angle approximation 


sin 6 = @ has been made. From the slope of a “log J vs. 62” plot, the parti- 
cle size can be calculated. Experimentally, dilute systems are preferred 
since Iiq. [1] assumes that multiple scattering, refraction, and interference 
are negligible. 

For polydispersed systems, various methods (2, 3, 7) have been proposed 
for interpreting experimental scattering curves in terms of a particle size 
distribution. In this investigation the position and curvature of the “log I¢ 
versus 6”” plot is used as a qualitative measure of the particle size distribu- 


tion and the method of Jellinek e¢ al. (3) is used to obtain an average particle 
size. 
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EXPERIMENTAL ARRANGEMENT 


The geometrical arrangement of the North American Phillips Company 
X-Ray High Angle Diffractometer, adapted to the measurement of X-ray 
scattering at small angles, is illustrated in Fig. 1. 

Source—Copper target tube (A). 

Excitation Potential—10 kv./7 ma. 

Monochromatic X-Rays—A nickel filter (B) was employed to monochro- 
matize the copper radiation to CuKa. A crystal monochromator was con- 
sidered but could not be fit into the general arrangement without making 
serious and difficult changes. The background radiation was reduced by the 
use of a low excitation potential (10 kg./7 ma.). 

Definition of X-Ray Beam—The slit system (D, HE, G, H) defined the 
X-ray beam in such a manner that the cross section, divergence, and 
parasitic scattering were at a minimum. Slits D, HL, G, and H have widths of 
0.006, 0.006, 0.004, and 0.019 inch, respectively. 

Attenuation of the X-Ray Beam—The Geiger counter employed in this 
investigation could not measure intensities in excess of 1500 counts per 
second because of counter saturation. Therefore, it was occasionally neces- 
sary to attenuate the incident beam by the use of additional nickel filters 
(Cy: 

Sample—The sample was mounted in an X-ray diffraction sample holder 
(Standard North American Phillips Company powder holder) and placed 
normal to the incident beam at position F. The thickness of the sample 
holder (1.38 mm.) regulated the specimen thickness. In most cases a dry 
powdered sample was used. 

Radiation Detector—The radiation was detected by a Geiger-Mueller 
Counter (J) and automatically recorded by a North American Phillips 
counting rate computer. 


SMALL-ANGLE X-Ray SCATTERING FOR LATEX 
To test the scattering equipment on a material of known particle size, 


a Dow Polystyrene Latex suspension containing spherical particles (440 


EXPERIMENTAL ARRANGEMENT 


CENTIMETERS 20 


Fia. 1. Schematic diagram showing the geometrical arrangement of North Ameri- 
can Phillips Company X-Ray Diffraction Apparatus, adapted to the measurement of 
X-ray seattering at small angles. 
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A. radius) was subjected to scattering measurements. The result of plotting 
the logarithm of the intensity with respect to the square of the scattering 
angle is shown in Fig. 2. The solid line is the plot of the experimental data 
and the dashed line illustrates the deviation of the experimental data from 
linearity. The portion of the scattering curve near zero angle (below 

2 = 0.001 degrees?) was obtained by extrapolation. The data were deter- 
mined at 0.01 degree increments. 

According to the scattering equation for a monodispersed system, the 
“log J vs scattering angle squared”’ plot should result in a straight line the 
slope of which will determine the particle size. The deviation of the experi- 
mental data from linearity is recognized as the invalidity of Guinier’s ap- 
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Fra. 2. Result of measuring the X-ray scattering for a sample of latex. 

The scale of ordinates gives the logarithm of the scattered intensity and the scale 


of abscissas, the Square of the scattering angle. The dashed line illustrates the devia- 
tion of the experimental data from linearity. 
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proximation at large angles. For a particle of given form and radius of 
gyration, there is a limiting value of the scattering angle, beyond which 
Guinier’s approximation is no longer valid. If the exact form of the struc- 
ture factor is used instead of Guinier’s approximation, the scattering equa- 
tion is 

log Ig = —a@?R? + B04 + .... + constant, 


where @ and @ are constants. For such a form, the slope of the curve would 
be proportional to the particle size only when 6 = 0. Therefore, the slope 
at the origin is used in calculating the average particle size. 

The radius of gyration calculated from the slope of the curve at the origin 
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Fig. 3. Results of measuring the X-ray scattering for Copper Phthalocyanine I 


(Curve A), Copper Phthalocyanine II (Curve B), and Toluidine Red (Curve C). 
The scale of ordinates gives the logarithm of the scattered intensity and the scale 


of abscissas, the square of the scattering angle. 
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in Fig. 2 is 680 A. This can be compared with the reported value of 440 A. 
The larger value was expected, since no correction was made for parasitic 
scattering and the latex was dispersed in a liquid medium. 

Further standardization and practical application tests were made on 
pigment samples which differed in particle size distributions. Average parti- 
cle sizes of these samples were shown by electron micrographs and calculated 
from specific surface data (BET method). 


SMALL-ANGLE X-RAY SCATTERING FOR PIGMENTARY SAMPLES OF COPPER 
PHTHALOCYANINE AND TOLUIDINE RED 


Scattering measurements were made on pigmentary Copper Phthalocya- 
nine I (Sample A), Copper Phthalocyanine II (Sample B), and Toluidine 
Red, Color Index No. 69 (Sample C). The average particle sizes (radii) 
calculated from specific surface measurements by nitrogen adsorption 
(BET method) are 230 A., 300 A., and 2500 A. for Samples A, B, and C, 
respectively. The scattering curves for these samples are shown in Fig. 3. 

In this and subsequent experiments, the data were determined at 0.01 
degree increments, the portion of the scattering curve near zero degrees 
(below 6? = 0.001 degrees?) was obtained by extrapolation, and the curves 
were normalized to 1000 counts per second at zero scattering angle. Devia- 
tion of the scattering data, obtained at 0.01 degree intervals, from the scat- 
tering curves shown in the figures was small (maximum observed deviation 
was 4%). 

It is apparent that Sample A contains a distribution of smaller particles 
than Sample B, and Sample C contains a distribution of much larger parti- 
cles than Samples A and B (larger slopes indicate larger particles). 

In this and subsequent experiments measurements were made on dry sam- 
ples. It is important to realize that the powder samples contain nonuniform 
particles which are closely packed. The ‘closeness of packing’ or inter- 
particle interference complicates the data and prevents a complete descrip- 
tion of the distribution of particle forms and sizes from the scattering curve. 


SMALL-ANGLE X-Ray SCATTERING FOR CoppER PHTHALOCYANINE SAMPLES 
SuBsEcTED TO DirrERENT PERIODS OF GRINDING 


The following samples of Copper Phthalocyanine (CPC) were examined: 

Sample A—CPC unmilled. 

Sample B—CPC salt milled (5) for 4 hours. 

Sample C—CPC salt milled for 12 hours. 

Sample D—CPC salt milled for 16 hours. 

Sample E—CPC salt milled for 20 hours. 

Sample F—CPC salt milled for 24 hours. 

Figure 4 shows the scattering curves for Samples A to F. Curves A to F 
represent Samples A to F, respectively. From this figure it is evident that 
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Fic. 4. Results of measuring the X-ray scattering for a Copper Phthalocyanine 
unmilled sample (Curve 4), 4 hour salt milled sample (Curve B), 12 hour salt milled 
sample (Curve C), 16 hour salt milled sample (Curve D), 20 hour salt milled sample 
(Curve /), and 24 hour salt milled sample (Curve F). 

The scale of ordinates gives the logarithm of the scattered intensity and the scale 
of abscissas gives the square of the scattering angle. 


the unmilled material (Curve A) has a much larger average particle size 
than the other samples (a lower scattering curve and larger slopes). Curves 
B to F indicate a smaller ‘“‘average”’ particle size for the samples which 
were milled for longer periods of time. 

Average particle sizes of Samples A to F were calculated from the scat- 
tering curves by the method of Jellinek, Solomon, and Fankuchen (3) and 
are summarized in Table I. The correlation of the average particle size 
calculated from the scattering curves to that from specific surface measure- 
ments is poor for the unmilled sample and the 4 hour grind. In these samples 
large particles are present which cannot be accounted for in the scattering 
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curves. Since the samples were examined in the dry compact form, the values 
determined from the scattering curves should be considered only qualita- 


tively. 
Figure 5 shows the electron micrographs of Samples A, B, C, and D. The 


TABLE I 
The Average Particle Size of Copper Phthalocyanine Samples Subjected to Different 
Periods of Salt Milling (5) 


Average particle size (radius) 


Sample Period of milling From specific surface From small-angle X-ray 
measurements scattering measurements 
(Angstrom,) (Ang trom) 
A Unmilled 3775 386 
4 hours 525 213 
D 16 hours 315 187 
24 hours 287 160 


IDCs, Elect ron micrographs of Copper Phthalocyanine samples subjected to dif- 
ferent periods of grinding. Picture A is the unmilled sample, Picture B is the 4 hour 
salt milled sample, Picture C is the 16 hour salt milled sample, and Picture D is the 
24 hour salt milled sample. 
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decrease in particle size with increased milling is shown by the micrographs. 
Most of the crystallites in the unmilled sample (Fig. 5A) have a platelike 
habit. Since two of the dimensions of the plate (length and width) are out- 
side the range of applicability of X-ray scattering, Curve A in Fig. 4 prob- 
ably represents the smallest dimension (thickness) of the crystallite and not 
the average particle size. 


SMALL-ANGLE X-Ray SCATTERING FOR COPPER PHTHALOCYANINE (CPC) 
SAMPLES SUBJECTED TO DIFFERENT METHODS OF PARTICLE SIZE 
REDUCTION 


The following samples of Copper Phthalocyanine (CPC) were examined: 
Sample A—‘‘Commercial’”’? CPC. 
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Fig. 6. Results of measuring the X-ray scattering for a Copper Phthalocyanine 
“Commercial” sample (Curve A), salt milled sample (Curve B), solvent milled sample 
(Curve C), acid pasted sample (Curve D), and dry milled sample (Curve E). 
The scale of ordinates gives the logarithm of the scattered intensity, and the scale 
of abscissas gives the square of the scattering angle. 
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Sample B—CPC ball milled with salt (5). 

Sample C—CPC ball milled with solvent (4). 

Sample D—CPC acid pasted (6). 

Sample E—CPC ball milled (dry). 

The scattering curves for these samples are shown in Fig. 6. Curves 4, 
B, C, D, and E correspond to Samples A, B, C, D, and E, respectively. It 
is apparent from the scattering curves that the average particle sizes of 
Samples A and B are approximately the same. The extended small slope 
portion of Curve C indicates a smaller average particle size for Sample C 
than for A and B. Curves D and EF indicate larger average particle sizes for 
Samples D and E. 

Average particle sizes of Samples A to E were calculated from the scat- 
tering curves by the method of Jellinek ef al. (3) and are summarized with 
the values determined from specific surface measurements in Table II. 
Electron micrographs of Samples A to E are shown in Fig. 7. The electron 
micrograph of Sample C (Fig. 7C) indicates the presence of smaller parti- 
cles than in Sample A (Fig. 7A) and a more uniform distribution than Sam- 
ple B (Vig. 7B). The ultimate particles of Sample B appear to be smaller 
than those of Sample C, but larger aggregates are also present in Sample B 
which account for the larger average particle size calculated from specifie 
surface measurements and X-ray scattering. 

According to Table II, Sample A has approximately the same size as 
Sample B by X-ray scattering but a much larger average particle size by 
specific surface measurements. From the electron micrographs of Samples 
A and B, smaller ultimate particles and larger aggregates can be seen in 
Sample B. The larger average particle size caleulated for Sample A from 
specific surface measurements may be due to the presence of the surface 
coating on agglomerates of Sample A which may have made the particles 
impenetrable to nitrogen (low surface area). X-ray scattering measured the 
electronic discontinuities within the loosely bound coated agglomerates. 

The large aggregates in Samples D and E shown in the electron micro- 


TABLE II 


The Average Particle Size of Copper Phthalocyanine Samples Subjected to Different 
Methods of Treatment 


Average particle size (radius) 


Sample Method of treatment 


From specific surface From small-angle X-ray 
measurements scattering measurements 
(Angstroms) (Angstroms) 
A ‘““Commercial’’ sample 590 191 
B Salt milled 357 198 
Cc Solvent milled 306 144 
D Acid pasted 5,450 474 


1D) Dry milled 20,400 613 
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4 é 


Fig. 7. Electron micrographs of Copper Phthalocyanine samples subjected to dif- 
ferent methods of particle size reduction. Picture A is the “‘commercial’’ sample, 
Picture B is the salt milled sample, Picture C is the solvent milled sample, Picture D, 
the acid pasted sample, and Picture H#, the dry milled sample. 
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graphs D and EF in Fig. 7 are responsible for the large average particle sizes 
calculated from specific surface measurements and small angle X-ray scat- 
tering. However, since the dimensions of some of the aggregates are outside 
the range of applicability of X-ray scattering, they will contribute to the 
average particle size calculated from specific surface measurements but not 
to the scattering curves. 


Small-Angle X-Ray Scattering for Inks 


The following Copper Phthalocyanine (CPC) samples were examined: 
Sample A—CPC 24 hour salt mill grind dispersed in lithographic varnish 
(1:1 ratio). 
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Fic. 8. Results of measuring the X-ray se 
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Sample B—CPC unmilled sample dispersed in lithographic varnish (1:1 

ratio). 

The scattering curves of Samples A and B are shown in F ig. 8. Curves A 
and B correspond to Samples A and B. The scattering curves of the CPC 
material in the dry form were reported in a previous section. 

The overall smaller slope of Curve A indicates the presence of smaller 
particles in Sample A as compared to Sample B but the scattering by both 
ink systems is small. The difference in electron density between pigment and 
varnish dryer is smaller than that between pigment and air. In general, the 
scattered intensity depends on the square of the difference of the electron 
density between the particle and surrounding medium. Therefore, X-ray 
scattering can be applied to pigment dispersions but necessitates the use of 
a dispersing medium with an electronic density as different as possible from 
that of the pigment particle. 


CONCLUSIONS 


1. A standard X-Ray Diffractometer can be adapted to give small angle 
X-ray scattering measurements. 

2. Useful particle size and particle size distribution information can be 
estimated from the scattering data. 
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I. LyrropucTION 


The measurement of light scattering is a well-established tool in the de- 
termination of particle weights of uncharged colloids. For particles small 
compared tc the wavelength of light, this involves essentially the extra- 
polation of values of concentration divided by turbidity, ¢/7, to infinite 
dilution where ideal behavior prevails. The intercept thus obtained is in- 
versely proportional to the molecular weight. A proportionality constant 
H takes into account geometric and refractive index factors. 

In case of colloidal electrolytes, particularly those of the association type, 
and especially in the presence of simple salts, the situation is somewhat more 
complex because of interaction of the various charged species. An exact 
discussion of this situation has been recently given by Prins and Hermans 
(P-H) (1) and by one of us (2). Both treatments assume ideality and a 
constancy of the concentration of simple ions above the critical micelle 
concentration (cs). The latter assumption is further analyzed by Mysels and 
seems to introduce only a minor correction. Unfortunately, the two treat- 
ments use very different nomenclatures, making an intercomparison 
difficult; P-H are not entirely clear about the nature of their extrapolation 
which is different from that of Mysels; and the latter’s results involve 
several misprints and a sign error. Furthermore, the results of such caleu- 
lations are most useful when they give the structural quantities, weight and 
charge, in terms of the experimentally determined ones such as turbidity 
and refractive indices. This is not given explicitly by P-H. Recent de- 
velopments (3) show that the micelle-forming ions tend to dimerize below 
co, making the system even more complicated. Finally the discussion of 
association colloidal electrolytes given in these two papers can be adopted 
with minor modifications to simple, nonassociation, colloidal electrolytes. 

It may therefore be worth while to review some steps of the reasoning 


' Part of this paper was presented at the Symposium on Light Scattering in honor 
of V. K. La Mer, 1956 Kendall Award recipient—129th meeting of the American 
Chemical Society, Dallas, April, 1956. 
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involved in the extrapolations, to give results in both notations and in ex- 
perimental terms, to apply them to nonassociation colloids, and to show the 
effect of dimerization. 


Il. Tue Dirrerent ExtTRAPOLATIONS 


The turbidity of a simple association colloidal electrolyte changes with 
concentration as indicated schematically in Fig. 1. At low concentration the 
turbidity is very low, being due only to the monomeric ions. At high con- 
centration it is due mainly to the micelles and increases less than linearly 
because of their mutual electric interactions. If the assumption is made that 
the concentration of monomeric ions increases linearly up to cy and then 
remains constant, which seems a reasonable assumption (2, 4, 5), this makes 
the change of slope at c) abrupt as shown by the solid line (instead of the 
smooth transition indicated by the dotted line) and presumably decreases 
somewhat the turbidity at higher concentrations. The latter effect being 
small and of less interest in the present discussion is not shown in the 
figure. 

With this assumption about the composition of the solution and with the 
further assumption that its behavior is ideal (at least in terms of an effec- 
tive charge p) and that micelles are of constant single size and charge, it is 
possible to calculate rigorously the turbidity of the solution at any concen- 


on Cc 

Fia. 1. Schematic presentation of the turbidity of solutions of association colloids: 

Dotted line—probable reality; solid line—approximation of Eq. 1; the dashed and 
numbered lines correspond to lines of Fig. 2. 


596 PRINCEN AND MYSELS 


tration. This is given directly from P-H equations [1] and [10] as 


| ZV NI+2NINAL—f +f) +fN3 + {f+ m pNm}Nm A] 
ae 


kT 2Ni + 2Nz + (p? + p)Nm 
in which rey , ‘ 
& = Nip? + p+ 2m? —2mp) + NiAf’p’ + fp + 2m — 2fmp) 
7’ = turbidity due to solute. 
= proportionality constant = 32m*kTv?/3n*. 
V>=svolume:? 
vy, = refractive increment of monomer = ae 
k = Boltzmann constant. 
T = absolute temperature. 
N, = number of monomer molecules. 
Ns; = number of salt molecules. 
Nm = number of micelles. 
p = charge. 
m = aggregation number. 
f = relative refractive increment of salt and monomer = 


(3 / is) 
ON3 aM, p,T } 

The turbidity thus calculated for the idealized system is shown schematic- 
ally by the solid line of Fig. 1. We shall now consider how different methods 
of extrapolation use such values to obtain structural data. 

If the customary plot of Hc/r is drawn from these calculated values the 
shape shown by line 1 of Fig. 2 is obtained. Here c is the total concentra- 
tion of solute and 7 the turbidity due to this solute, i.e., excess turbidity of 
the solution above that of the solvent. This curve reaches the vertical axis 
at a value corresponding to the solute present at zero concentration, i.e., the 
monomer, which is of little interest. If its lower portion is extrapolated along 
a straight line, 1* (Fig. 2), as has been done occasionally with experimental 
data (6, 7), the result does not seem to be subject to any simple interpre- 
tation. Physically, it amounts to assuming that as the concentration of 
the simple ions decreases the effect is the same as when it is the concentra- 
tion of micelles that decreases. In other words this extrapolation crosses 
Co without taking into account the radical changes which occur there in the 
solution. The dashed line, 1*, of Fig. 1 shows this extrapolation in terms of 
turbidity. 

Debye (8), several years ago, pointed out that by extrapolating to c, one 
can account for intermicellar interactions. If H(e¢ — cy)/r from the calcu- 
lated data is plotted vs. c — co, one obtains a curve such as indicated by 2 
in Fig. 2. This curve tends to zero as cy) is approached because the turbidity 
due to solute remains finite at co while (c — co) tends to zero. However, this 
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‘He, 
v 


of C 


Fia. 2. Schematic presentation of Hc/r plots and extrapolations of the solid line of 
Fig. 1: (1) He/(r — Eye (2) H(e — e9)/(r — TH0) 5 (8) H(c — co)/(r — To.) 


turbidity due to the monomer is very small so that the downturn occurs 
quite close to cy. P-H treat this by making two approximations essentially as 
follows. First the terms causing the rapid downturn are neglected, which 
corresponds to the drawing of the dashed extension of line 2 (P-H equation 
[13]). Then the higher terms in ¢ — ¢ are in turn omitted, which corresponds 
to drawing the straight line 2%, tangent to the dashed extension at the 
cy) (P-H equation [18]). The slope and intercept (at co) of this tangent are 
thus expressed in terms of the structure of the micelles. 

When applied to experimental results, this rigorous interpretation en- 
counters a minor obstacle, namely, that the straight line 2? is not tangent to 
the curve 2 representing these data, but only to the dotted extension which 
cannot be readily drawn. This discrepancy is considerably exaggerated in 
our schematic figures and is near the limit of current light-scattering 
techniques, but should become more important as these techniques im- 
prove. It stems from the fact that the limits of validity of the two approxi- 
mations made by P-H overlap somewhat. 

Debye noted already that the turbidity due to solute at ¢) can be more 
than strictly negligible so that the turbidity due to the micelles may be 
considered as that above the turbidity at co, i.e., 7 — Tc,. If now H(c — ¢o)/ 
(rt — re) iscalculated, the line marked 3 in Fig. 2 is obtained. This remains 
finite as cy is approached and thus requires no extrapolation. If the higher 
terms in (¢ — ¢y) are now neglected, one obtains the equation of the tangent 
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at the intercept indicated by 3°. Its intercept and slope differ only slightly 
from those of H-P’s line 2°. We shall calculate the properties of this tangent, 
which was the one used by Mysels, in the next section. In principle its ad- 
vantage is that it is tangent to the actual calculated values and not to an 
extrapolation. This is probably an illusory advantage because the real con- 
centration of micelles may depart from the calculated one precisely in this 
region, as shown by the dotted line of Fig. 1. It is also in this region that the 
assumptions of constant size and charge are least likely to hold true. It does, 
however, provide a more direct insight into the nature of any deviations 
from linearity on the Hc/7 plot and directs attention to the problem of the 
proper base turbidity (ro). The experimental determination of 7) can be 
quite troublesome for solutions of detergents as has been discussed by 
Williams, Phillips, and Mysels (9). 


III. GrenerAL THEORY 
The basic equation [1] obtained by P-H is already given above. For the 
turbidity at co (VN, = 0) it gives 


7. 2Vw Ny + 2NiNG - f +f) +f°Ne 
Seales ald il 2N1 + 2N3 


[2] 


We use this as the base turbidity and note that r’ — ry,,-9 is necessarily 
equal to t — 7) where 7 is total turbidity and 7 is the total turbidity at co. 
This gives (instead of P-H equation [13]): 


ZV im Nm _ (Ni + Ns){2Ni + 2Ns + p(p + 1)Nn} 
(r — to)kT 2Ny?di + 4NiNoade + 2N3’d3 + (Ni + N3)DNm_ 


Series expansion in powers of concentration then gives 


ACE Te q [1+ 0) BAP PE 4 fe = opt], [4] 


[3] 


TAT Min 2M n(n + M3) 
where M,, = micellar weight. 
ae (m + m3)” 
mid, + 2ningsd2 + ns?d3° 5) 


m, = conc. of monomer at ¢p) in moles/ml. 
m3 = conc. of salt in moles/ml. 


2 
Qa 
GM Be [6] 
2 
gait] Sgn he es we! 
Aiming sili te area ay ia 
= ? Q 
@=l-fat+ Potro. [8] 


a = p/m 
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Equation [4] is similar to P-H equation [18], but our q is different from 
their g.? 
In the absence of simple salt (n3 = 0) Eq. [4] is reduced to: 


H(c—@)_ 1 | i Ese UN 
Tis TiO) Mndy ae co) 2com : [9] 


which is equivalent to P-H equation [21] with d, differing slightly from their 
by.3 

On the other hand, when c) becomes very small in the presence of a high 
concentration of salt, expression [4] becomes: 


He 1 p+p— aia 
a 1 EE eR LIS 
ee Re Al oR [10] 
Here, again, d; differs slightly from the b; used by P-H. 

The expressions which give directly the charge, p, and the aggregation 
number, m, as a function of experimentally obtainable intercept A and 
initial slope B of the Hc/r line are, for the general case: 


_ 2m + ng)V2(m + ns)B + 2(m + ns)(m + Fr) BMy [11] 
2(m. + n3)A — (m + frns)A2My 


2 The difference in the two treatments is formally shown as follows. Equation [1] 
is of the form: 


W+Q+ BNw)Nn 
T + UNn 


i 


P-H neglect the term W and obtain as the final result: 
_ Q+ BNn)Nn 
See CT The 


whereas our treatment is as follows: 
WU 
W+ (Q+ RNn)Nm aoe W + (Q+ RNn)Nm a IP 
“T+ UN LT TNS T + UN, 


chs! WU 
So the difference lies in the term—, - 


3 d, is equivalent to the factor in brackets of Mysels’ Eq. [10] and in correct form 
this factor should read in his notation: 


[(-2) +2] 


where n is the degree of association. 
Mysels’ Eq. [11] has a sign error and here the factor in brackets should be: 
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Kal 

AM, 

E’M,-2(m + 73)B+4Ev/2(m + 13)B — BM AV/2(m + ma) B 
4A — 2HA?M, 


where M;, is the molecular weight of the monomer and E = (m + fns)/ 
(nm, + ns). Translated into Mysels’ notation they become: 


m= 


+ 


=| ee a3 
(ee Hb | an’ = E ? 

E’p” — E’p' + 4En'p' 
ncn ee ee 14 
een 4n! — 2E [14] 


in which n’ is the ‘‘uncorrected”’ aggregation number 1/AM, and p’ is the 
“uncorrected” charge = +/2(n + n3)B/A. These are the corrected forms 
of his Eqs. [16] and [17]. In the absence of added salt [11] and [12] become 


_ 24/2¢BM, + 2co BM, | 


15 
2AM, — AM? ’ a 
nei il ae 2c¢o>BM, +e 4 V 2ceoB — AMivV/2eBM, | [16] 
~ AM, 4AM, — a 
In the presence of large amounts of salt they give: 
2A — fA?M, ; 
Pitan a i f'My-2nsB + 4fr/2n3B — f?AMy~/2n3B 1g] 
AM, 4A — 2fA4?M, j 
From Kas. [13] and [14] one can derive the very useful expression: 

24(n — 1) = Bip Pp’), [19] 


which is indicated in Eq. [17] of Mysels. 


IV. DIMERIZATION 


Kraus (10) has interpreted his conductivity results on some long-chain 
quaternary ammonium salts as indicating the existence of only dimers or 
only trimers at all concentrations below co. More recently Mukerjee (3) has 
shown by conductivity and transference measurements that in sodium 
lauryl-sulfate there is a reversible equilibrium between monomeric and 
dimeric lauryl-sulfate (LS) ions: 


2LS- = LS.- 


which leads to about 50 % dimerization at ¢y for this salt. This brings up the 
question of the effect of dimerization on light scattering and on its inter- 
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pretation. We have therefore used the procedure of Section II to develop 
the corresponding equations for the simple case of complete dimerization of 
the micelle-forming ion and in the absence of salt. The total turbidity due to 
solute is now given by the equivalent of Eq. [1] 


oes ZV, J SN.” + {6m = Smp + A(p” + p)\NoNm =e mpNm [20] 
RE 6Ne + (p? + p)Nm ; 


in which N; = number of dimers, and the tangent at the cme is given in 
analogy to Eq. [9] by 


AG a) 1 ig ae ee a |, [21] 


T— T) My, 22 3Com 
in which 
4 4 2 4a 
Cake he Oe or i Wigin: [22] 


Figure 3 shows graphically the effect of dimerization in case of micelles 
having a degree of association m = 60 and a charge p = 10. It may be 
noted that the slope and the curvature of the Hc/r plot are much less 
pronounced in case of complete dimerization while the intercept is shifted to 
higher values. The expressions for the structural quantities in terms of ex- 
perimental intercept A and slope B of the tangent to the H(¢ — ¢)/(r — 70) 
line become, in analogy to [15] and [16], 


_ 6eBM, + 3/30 BM, | 
3AM, — 24°M? ’ 


1 12¢)BM, + 12+/3e BM, — 4AMiv/3e BM, 
9AM, — 642M? ; 


[23] 


[24] 


7 2 Cries 


Fra. 3. Comparison of calculated turbidities and Hc/r lines for a given micellar size 
and charge assuming that below co only monomer (m) or only dimer (d) is formed. 
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If the values shown in Fig. 3 for the dimer are interpreted as if only mono- 
mer were present one obtains m = 54.6 and p = 7.5. Thus interpretation of 
light-scattering data without taking complete dimerization into account 
where it exists can produce an error of the order of 10% in the degree of 
association and of 25% in the effective charge. 


V. NonassoctaTION COLLOIDAL ELECTROLYTES 


With a simple (nonassociation) colloidal electrolyte, its particles behave 
like micelles but the monomeric ions are absent. Hence, Eq. [4] becomes in 
the presence of salt: 


Home Aes ne eee Ty Caer 
T — T) Me; E tae 2M nz +r : [25] 
in which 
em PP pP 
e YBa et screens [26] 


In order to express the structural quantities in terms of the experimental 
ones, the relative refractive increment has to be expressed in terms of the 
gravimetric concentration of colloid rather than in terms of the unknown 
molar concentration. This leads to a substitution of J by l’. These are both 


defined by 
Ov ov ov ov 
if! = ——=— ———— Se ——— {j= jj a 
On3/ OCm ey 2] a 27] 


Using this quantity /’ and the slope and intercept of the He/(r — 79) line one 
finds for the charge: 


_ 20/2n3 B+ 2l'nsB 
2A — l'A? (28) 
The expression for the molecular weight becomes: 
1, 2l"n3B + 4l'\/2n3B — (PAV 
iM 3 ns 2n3B - 
A a 4A — 2]'A? ; [29] 
Written in Mysels’ notation they become: 
_ P24 UAp’ 
Pp of |atiee | [30] 
2 72 2 / as 
M So ee eee [31] 


4 — 2A 


where M’ is the “uncorrected” molecular weight 1/A. From Kgs. [30] and 
[31] one can again obtain the useful expression: 


2(M — M’) =V(p +p’). [32] 
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VI. ConcLusion 


Equations [17] and [18] and also [28] and [29] can become useless be- 
cause in the presence of swamping electrolyte the slope, B, of the He/(r — 79) 
line tends to zero. This slope is given, according to Eq. [10], by: 


pe Peck ps op 
2nsM ds 

Hence, B tends to zero if the charge p becomes zero, but it also tends to zero 
at constant p when the salt concentration, m3, increases. Under these latter 
conditions the product 3B remains finite but, because of the smallness of 
B, cannot be determined experimentally and, therefore, p (Eq. [17]) and 
the last term of Eq. [18] cannot be evaluated. In Mysels’ notation p’, the 
uncorrected charge, cannot be determined by the experiment, and there- 
fore Eq. [13] cannot be used nor the correction term of Eq. [14] calculated. 
Thus, a negligible slope of the He/(7 — 7») line in high salt concentration 
does not show, as has been suggested (6, 11), that the charge is zero, nor 


[33] 


£=0.4 
0.3 4 
0.2 ae 
5 
4 4 
0.1 
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02 
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S) 
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1@) 1 INF, 
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Fic. 4. The effect of the refractivity of simple salt upon the calculated light scat- 
tered by a charged colloid, assuming an effective charge p = 4 [1 = (dv/dn3)/(Av/dNm) |. 
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Fig. 5. Schematic illustration of the effect of charge p of the colloid and of the 
refractivity J of the simple salt upon the slope and intercept of the Hc/r lines in the 
absence and presence of swamping electrolyte. 


does the intercept at infinite dilution of a charged colloid give the real 
molecular weight. This last point is in striking contrast with other phe- 
nomena, such as osmotic pressure or diffusion, where, under ideal condition, 
charge effects are eliminated by such treatment. This is due to the fact that 
the turbidity of a solution depends not only on the ease of fluctuation in 
concentration, which behaves like osmotic pressure, but also on the optical 
efficiency of this fluctuation, which is dependent on the presence of salt (2). 

These results are summarized schematically in Figs. 4 and 5, which show 
the calculated Hc/(r — 79) lines for a number of systems. In Fig. 4 the 
charge p is assumed constant at 4 and the effect of the relative refractive 
increment / of the salt is shown to shift the intercept and the slope. The 
higher values of / are not likely to be encountered in practice. Figure 5 
shows the effect of increasing the concentration of salt, x, and of its relative 
refractive increment, /, upon the intercept and initial slope of the He/r — 7 
lines for a number of assumed charges p. If the refractive increment of the 
salt is negligible, the intercept is unaffected by the charge. However, if this 
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increment is significant, the effect on the intercept is not erased by a swamp- 
ing concentration, even though the slope may be thus drastically reduced. 


ACKNOWLEDGMENTS 


This work was supported by the Office of Naval Research through project NR 
356-254 1111 for which it forms the 9th Technical Report. Reproduction in part or 
in whole for purposes of the United States Government is permitted. We are also 
indebted to Prof. J. J. Hermans for very enlightening correspondence. 


REFERENCES 


. Prins, W., AND Hermans, J. J. Koninkl. Ned. Akad. Wetenschap. Proc. BB9, 162 


(1956). 


. Mysezts, K. J., J. Colloid Scz. 10, 507 (1955). 
. Muxersez, P., Ph.D. Dissertation, University of Southern California (1957). 


Meeting of the American Chemical Society, Miami, April, 1957. 


. Myszts, K. J., anpD Dutin, C. I., J. Colloid. Sci. 10, 461 (1955). 
. Koutruorr, I. M., anp Jounson, W. F., J. Phys. & Colloid. Chem. 62, 22 (1948). 


Hortcuinson, E., J. Colloid Scr. 9, 192 (1954). 
Manxowicn, A. M., J. Phys. Chem. 58, 1027 (1954). 


. Dusye, P., J. Phys. & Colloid. Chem. 53, 1 (1949). 
. WiuuraMs, R. J., Puiturps, J. N., anp Mysets, K. J., Trans. Faraday Soc. 61, 


728 (1955). 


. Kraus, C. A., et al., J. Am. Chem. Soc. 78, 1129 (1951); zbid. 72, 3676 (1950); 


ibid. 73, 2170 (1951). 


. Prins, W., Thesis, Leiden, The Netherlands, 1955. 


JOURNAL OF COLLOID SCIENCE 12, 606-607 (1957) 


BOOK REVIEW 


Chemical Surface Compounds and Their Role in Adsorption Phenomena. Pro- 
ceedings of a Conference on adsorption commemorating the 2nd centenary of the 
Moscow State University (1755-1955). Moscow University Press, Moscow, 1957. 
368 pages. Price Rub. 14.30. 

There was a time when adsorption seemed to be a very simple and a very specific 
phenomenon. Solid surfaces, perfectly smooth and absolutely uniform, were sur- 
rounded by a field of force, not unlike that of gravitation, and gas or solute molecules 
(or ions) were attracted to these surfaces as a heavy body falls toward the center of 
the earth. For systems of this kind it was reasonable to assume that the uptake was 
governed by Gibbs’ adsorption theorem, that the adsorbed particles formed a surface 
film, and so on. 

Now, not much is left of this picture of adsorption. First it was shown that ions 
usually are not adsorbed but rather exchanged; what 50 years ago was enthusiastically 
measured as adsorption of ions (including dyes) proved to be a regular chemical ex- 
change reaction differing from the reactions in a solution only by the insolubility of 
one of the initial and one of the final components. Then it was realized also that 
uncharged molecules very often react either with the bulk of the adsorbent, or with 
some impurities in it, or with its lattice defects. The book under review deals with 
these reactions, and its very title is a challenge to the old adsorption theory. 

It is possible, of course, formally to describe, say, a dilute aqueous hydrochloric 
acid as water containing ‘‘active sites’’ which preferentially adsorb alkali with evo- 
lution of heat; it is possible to invent ingenious models of these sites; but the classical 
chemical approach appears to be more fruitful, and it is as a rule used in the book. 

The book is divided into four sections. In the first, 10 papers deal with gas adsorp- 
tion on active carbon and metals. Among other topics, oxygen and hydrogen com- 
pounds of carbon present in its surface either as a separate phase or as single mole- 
cules are discussed; for instance, the fact that oxygen ‘“‘adsorbed”’ by carbon is more 
difficult to remove electrochemically the longer it has been adsorbed, is attributed 
to slow diffusion of the oxygen or the oxygen-containing compound into the bulk of 
the “‘adsorbent”’; the reviewer places ‘‘adsorbed”’ and ‘‘adsorbent”’ in quotation 
marks to show that the actual effect is different from the nonchemical surface 
phenomenon previously understood by the term adsorption. 

The second section includes 14 papers and treats silica gels and silicates as adsorb- 
ents. In this group, water and hydroxyls in the surface usually determine the course 
of adsorption. 

The properties of the adsorbent-adsorbate system are considered in the third 
section in 12 papers. The dielectric constant, the luminescence and the infrared ab- 
sorption of the layers modified by adsorption are particularly well studied. Even in 
the instance of adsorption of n-pentane on barium sulfate molecular complexes in 
the surface are considered possible. 

The fourth section is devoted mainly to catalysis, and the reviewer did not read it. 
The book, in addition to its considerable scientific value, throws some light on an 
important problem of the organization of research. In the English-speaking countries 
many people believe that scientific research in Russia is planned. They attribute to 
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this planning the present state of science there, which, according to the political 
preference of the commentators, is either a success or a failure. In reality, planning 
does not exist or, if it exists, is disregarded. In the concluding speech of the con- 
ference, its chairman (Professor A. V. Kiselev) appealed to the participants to intro- 
duce some voluntary planning: “It is not right to erect identical huge apparatus 
requiring fine specialization in every laboratory”’; different laboratories should 
cope with different problems and be in close touch with each other. This advice 
would not be amiss in the United States either. 

J. J. BrkeRMAN, Cambridge, Massachusetts 
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